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STUDY I. 
THE INFLUENCE OF NITROGEN ON THE ANATOMICAL PROPERTIES OF 
POPULUS CUTTINGS 
lb 
INTRODUCTION 
Wood is an excellent raw material for many uses especially in con^ 
struction and paper industries. The current economic trend shows an 
increasing demand for wood especially in pulp and paper industries. The 
percapita consumption of pulp and paper products and lumber are 530 lbs. 
and 208 lbs., respectively. Obviously, today the timber supply shortage 
has become a serious problem in this country. In order to produce an 
adequate supply of good quality wood to balance this demand we must more 
efficiently use all trees. The demand-supply situation can be made less 
precarious through better use of our timber supply such as: reducing the 
residual materials from logging by whole tree utilization and reduction of 
manufacturing residues by use of these materials as an energy source or 
for wood composite products. Intensive management and multiple use of 
forest lands is another recommended solution. This would include such 
practices 2s* annlylne fertilizers, using short rotation management, 
selection of rapid growing species and using genetic tree improvement. 
Although many species of wood have been used for fiber production, the 
ideal species are ones most suitable for intensive culture systems. These 
are the species with: (1) rapid juvenile growth which are suitable for 
nnln mill Input and also have genetic variability; (2) steep branch angles 
and narrow compact crowns which can obtain more solar energy and produce 
more photosynthates; (3) high shoot:root ratio which increases fiber yield; 
(4) ability to establish and regenerate easily; (5) freedom from insects 
and fungi problems; (6) intermediate growth which is able to fully utilize 
the favorable conditions for growth and produce more dry matter; (7) upright 
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and excurrent habit in order to produce undivided main stems; and (8) 
acceptable wood properties and high quality of wood (Dickmann, 1975). In 
hardwoods, certain species such as: cottonwood, aspen, willow, birch, 
maple, ash, sycamore, yellow poplar and European alder are recommended 
for use in intensive culture systems. 
Eastern cottonwood (Populus deltoides Bartr.) is one of the species 
commonly found growing in Iowa. It is capable of growing on land which 
is unsuitable for agricultural use. Under appropriate intensive culture, 
it grows very rapidly and produces a high yield of fibers within 2-3 years. 
Cottonwood is a semi-ring porous wood with distinct growth rings varying 
considerably in width depending upon growing conditions. The pores are 
small, either solitary or in multiples. Sapwood appears whitish in con­
trast to the grayish white hcartwcod. Cottonwood is very good for pulping 
due to its light color, light weight and uniformity of texture. These 
same characteristics make it suitable for making plywood used in paneling 
and furniture. The lumber can be used for pallets, boxes, and crates due 
to its light weight, ease of nailing without splitting and good color for 
stcnciling. Farmer and Wilcox (T9&6) have indicated its high possibilities 
for genetic selection and have also suggested its genetic superiority in 
tree volume growth and excellent possibilities for establishment of commer­
cial forest plantations. Today, cctLunv/ood has been wid-ly -.-.ssd ir. ^any 
states as one of the irain species for intensive culture management studies. 
Due to the light weight and low specific gravity of cottonwood, the 
formation of tension wood is very common and presents a serious problem. 
Tension wood is formed on the upper side of the leaning stems or branches 
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and is characterized by formation of modified cells called gelatinous 
fibers. These fibers possess a gelatinous layer in addition to replacing 
some of the layers of secondary cell wall. The presence of gelatinous 
fibers causes some serious problems during seasoning and mechanical proc­
essing, thus decreasing the usefulness of wood. During kiln drying, 
defects may arise such as crook, bow and twist due to the excessive longi­
tudinal shrinkage of the gelatinous fibers. The G-layer has high crystal-
linity and has a small fibril angle. A high amount of gelatinous fibers 
also decreases the strength of paper. Eliminating the formation of tension 
wood becomes a very important goal in intensive culture management today. 
The anatomical properties of wood influence their suitability for 
various uses. Anatomical uniformity is the most important characteristic 
in terms of wood processing. Various concentrations and combinations of 
nutrients cause some anatomical changes. The anatomical properties such 
as the proportion of wood elements, fiber length, amount of gelatinous 
fibers, ccll uall thickness, chemical components rell wall and some 
other physical properties are the main factors determining the quality of 
wood. The proportion of wood elements is directly related to the fiber 
yield and quality of paper. A high proportion of fibers is highly desir­
able in pulp and paper industry. Wood containing a large proportion of 
vessels will increase the refining costs and decrease the strength of 
paper. All the non-fiber wood elements usually cause slow draining in the 
pulping process. Fiber length and cell wall thickness affect the strength 
properties of wood. The amount and distribution of gelatinous fibers in 
tension wood is another main factor related to quality of wood, because 
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the gelatinous fibers cause some problems during seasoning and processing 
which reduce the quality of wood. A high proportion of gelatinous fibers 
causes severe splitting in logs and also causes considerable difficulty in 
sawing logs. Knowledge of tension wood development and increasing fiber 
yield are very important in intensive culture management. 
The basic purpose of this study was to evaluate the influence of vari­
ous amounts of nitrogen on the anatomical properties of eastern cottonwood 
cuttings. A high yield of normal fibers with a correspondingly low amount 
of gelatinous fibers is the most desirable for most forest products. 
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OBJECTIVES 
The primary objectives of my research were: 
(1) To determine the proportion of wood elements such as; percentage 
of vessels, percentage of total fibers, percentage of ray parenchyma cells, 
and the amount of gelatinous fibers in Populus cuttings grown under 
different nitrogen levels. 
(2) To determine the relationship of wood properties to different 
nitrogen levels and clones and developing a statistical model for illus­
trating this relationship. 
(3) To measure the length of fibers for each treatment. 
(4) To investigate the internal and external ultrastructure of the 
cell wall under the electron microscope to varify the difference in cell 
wall structure, especially the gelatinous layers under different nitrogen 
levels. 
(5) To determine the relationship between the dependent and independ­
ent variables by using analysis of variance. 
The dependent variables were: percentage of vessels, percentage of 
total fibers, percentage of ray parenchyma cells, percentage of fibers that 
are gelatinous fibers, fiber length and number of vessels. The independent 
variables were clones and nitrogen levels. 
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LITERATURE REVIEW 
Nitrogen and Plant Growth 
Nitrogen is one of the essential nutrient elements in plant growth-
Plant roots absorb nitrogen from the soil in the form of nitrate or ammo­
nium ions. These inorganic compounds of nitrogen can be fixed through 
various enzymatic systems to form amino acids such as asparagine and gluta-
mine. The amino acids, in turn, synthesize proteins, purines, pyrimidines, 
and many coenzymes. These organic nitrogen compounds can be translocated 
through the vascular system thus becoming available for plaiit growth. 
The general process for reduction of nitrate ions and assimilation of 
ammonium ions can be written as follows: 
HNO3 + 8 electrons + 9 ) NH^"*" + 3 H2O 
The oxidation number of nitrogen changes from +5 to -3. This reduction 
process involves several steps, each step involving an enzyme to catalyze 
the rcacticn. Nitrate reductase is a nitrate induced enzyme in plants 
which is synthesized only when its normal substrate is provided. This 
enzyme catalyzes the formation of nitrite ions from the nitrate ions. The 
enzyme is a flavoprotein containing FAD (flavin adenine dinucleotide) as a 
tightly bound prosthetic group. FAD can be reduced to FADH2 and provides 
the electrons for transforming nitrate to nitrite. The nitrite ions can be 
reduced by nitrite reductase, an enzyme utilizing NADH or NADPH as electron 
donors. In this reducing process, ATP is required as an energy source to 
drive the reaction. Nitrates undergo further reducing steps to form ammo­
nium. Later, the ammonium ions can convert into various amino acids through 
direct amination, amidation or formation of carbonyl phosphate. 
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The nitrate reductase is the most important enzyme in the nitrogen 
reduction process. The nitrate reductase assay has been used as an index 
for nitrogen assimilation capacity. The amount of nitrogen uptake and 
assimilation ability can be affected by genetic differences. In Populus, 
various clones have different ability in forming nitrogenous compounds 
(Dykstra, 1972). 
Several researchers have shown that the amounts of nitrogen nutrition 
in the soil has a markable effect on tree growth (Chapman, 1933; Kramer and 
Kozlowski, 1960). Classical growth analyses indicate that the soil nitro­
gen concentration affect the rate of dry matter production per unit leaf 
area and the relative distribution of growth within plants. The shoot: 
root ratios increased with increasing nitrogen supply (Madgwick, 1971). 
The nitrogen concentration of white oak and chestnut oak leaves is directly 
related to the annual increment of the trunk. 
Some researchers have observed that the anatomical properties of wood 
cîîaage under various concentrations and cc-jbir.ationG cf nutricntc. Gener­
ally, only nitrogen concentrations showed the significant association with 
changing anatomical features in wood (Foulger et al., 1972). Level of 
nitrogen had a negative effect on vessel segment length and the percentage 
of fibers and a positive effect on the percentage of ray parenchyma cells 
in white ash seedlings (foulger et al., 1972). Fiber length shotzed 
increasing to a maximum then a decreasing effect in cottonwood seedlings 
as nitrogen supply increased (Foulger et al., 1972). 
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Formation of Tension Wood 
Tension wood occurs on the upper side of leaning stems and branches 
in hardwoods. The function of tension wood is to promote the bending of 
stems to the verticle position and maintaining or restoring them to 
their normal growing position. In most hardwoods formation of gelatinous 
fibers are characteristic of tension wood. Many studies have shown that 
the amount of gelatinous fibers formed is strongly correlated with the 
degree of lean (Wahlgren, 1957; Arganbright et al., 1970). Eccentricity 
is usually associated with tension wood formation. The upper side of a 
stem containing tension wood usually has a greater rate of radial growth 
due to uneven distribution of hormones. This occurs either by increasing 
the rate or duration of cambial division resulting in differential growth. 
Plant hormones play a very important role in controlling the forma­
tion of reaction wood (Zimmermann and Brown, 1971). lAA (Indole Acetic 
Acid) is a kind of plant hormone which is produced in the apical meristems. 
Removing the apex or completely girdling bent stems to prevent phloem 
translocation will stop eccentric growth (Onaka, 1949). When the tree 
bends, growth hormones will accumulate on the lower side of the stem, in­
dicating that on the upper side the low concentration of lAA induces forma­
tion of tension wood. Cronshaw and Morey (1965) applied an antiauxin TIBA 
(Trl-iodobensoic Acid) to red maple and stopped polar auxin transport thus 
stimulating formation of tension wood. They also applied TIBA with lAA 
and GA and inhibited formation of tension weed. They concluded that the 
hormonal control mechanism for formation of tension wood was related to 
the relative amount and balance of auxin on the upper or lower sides of 
the stems. 
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lAA is synthesized from tryptophan through transamination (or deamina-
tion), decarboxylation and oxidation. The pathway can be written as 
follows (Salisbury and Ross, 1969): 
Tryptophan 
CH.-CH-COOH 
I 
NH2 
transamination 
or 
deamination 
CH2COOH 
< oxidation 
lAA 
CHo-C-COOH 
II 
0 
H 
Indolepyruvic acid 
i 
C.Q2< 
ecarboxylation 
CH2-C; 
H 
H 
Indolecetaldehvde 
Tryptophan is an amino acid containing a phenolic compound which is 
indirectly related to synthesizing of lignin. Tryosine and phenylalanine 
are the major precursors in the biosynthesis of lignin. All three amino 
acids are originally from erythrose-4-phosphate in PPP. Baker and Ray 
(1964, 1965) suggested that high auxin conceatraLion promoted wall exten-
slal synthesis while low auxin concentration favored wall intensial syn­
thesis. This relationship can be written as follows: 
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GLUCOSE 
1 
î 
<-
- - FEED BACK REGULATION 
MECHANISM 
//i \\ 
POLYSACCHARIDE 
PRECURSORS 
AUXIN 
INTENSIAL SYNTHESIS 
(APPOSITION) 
EXTENSIAL SYNTHESIS 
(INCORPORATION) 
WALL SYNTHESIS WALL EXPANSION 
Low auxin concentration induces the formation of gelatinous fibers 
which contain almost pure cellulose. This can be explained by the above 
scheme. 
In most hardwood species the appearance of a gelatinous layer in 
fibers is the best way to distinguish tension wood fibers from normal 
fibers. Tliê Lêiiâlûii wûOu flbéis are less xxgnlticu aJLtucugu the process 
of lignification is similar to that in normal fibers. Lignification starts 
at the cell comers cr intercellular regions, extending inward to the sec­
ondary cell wall. The reduction of lignification in tension wood can be 
identified by various staining techniques or ultraviolet light microscopy. 
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Dadswell and Wardrop (1956) suggested that the reduction in lignification 
was a more fundamental change in the differentiation of tension wood 
tissue than the anatomical modifications since it may occur even in the 
species In which the G-layer did not develop. Most investigations have 
shown very little or no lignification in the G-layer. Wardrop and Scaife 
(1956) suggested that the peroxidase activity was associated with the de­
velopment of the G-layer. Peroxidase is Involved In the synthesis of lignin; 
however, there is very little lignification in G-layer. This can be ex­
plained in several ways; (1) The failure of lignification is due to 
inhibition by ascorbic acid during the process of lignification (Wardrop 
and Scaife, 1956). (2) Some carbohydrates do not provide suitable sites 
for lignin synthesis (Wardrop and Scaife, 1956). (3) Lignin precursors 
undergo polymerization in the layers external to G-layer and cannot pene­
trate into G-layer. (4) Absence of a precursor at an early and critical 
stage of the synthesis of lignin from carbohydrates (Correns, 1961). 
Metzger, as cited by Hughes (1965a), suggested that mechanical stress 
response is another factor Involved in formation of tension wood. Upper 
sides of leaning stems and branches have higher tensile stress. Miinch, 
as cited by Hughes (1965a), concluded that the swollen G-layer in tension 
wood fibers will push outwards and create pressure on the outer cell walls 
and prcducc higher tensile stress thus resulLlng ir- wall lateral expansion. 
Due to the helical orientation of microfibrils and loosely attached G-
layers, the microfibrils will contract longitudinally. The longitudinal 
contraction will promote the recovery of the bending or tilted stems to 
their vertical position. 
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Wardrop (1956) suggested that these contractile forces arise during 
cell wall development. The cellulose molecules are deposited in a para-
crystalline condition in the early stage. Following further maturation, 
complete crystallization takes place and causes longitudinal contraction. 
Scurfield and Wardrop (1962) thought this further crystallization accom­
panied with movement of water from the cell wall into protoplast, resulted 
in increasing cell turgor pressure. This pressure pushed the cell wall 
outward and expanded the cell diameter thus shortening the cell length. 
The G-layer contains almost pure cellulose with the cellulose microfibrils 
arranged in a direction parallel to the cell axis. This microfibril 
orientation is due to the change in the physiological polarity of cambial 
initials. This highly organized orientation gives the microfibril a strong 
lateral cohesion thus increasing its resistance to deformation. Scurfield 
(1973) thought that the cell length contraction is associated with ligni­
fication. Lignin precursors are mostly located near the G-layer and cannot 
penetrate into G-layer. Lignification takes place at the layers external 
to G-layer. During lignification processing, a transverse force is created, 
thus longitudinally contracting the cell. 
Properties of Tension Wood 
The anatomlcsl prcpertiss of tension wood fibers are characterized by 
the presence of a gelatinous layer. This G-layer is less lignified and can 
be identified by various staining Lechniques (Hughes, 1965a). Merzger as 
cited by Hughes (1965a) thought that the function of this G-layer was to 
resist the developing tensile stresses. 
This G-layer may occur in addition to the normal 
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cell wall layer sequence (P, Sj, S2, S3) or may replace the S3 layer or 
both the S2 and S3 layers. The Sj layer of the gelatinous fibers has both 
larger fibril angles and is thinner than normal fibers. This is especially 
true when the G-layer replaces the 83 and S3 layers (Wardrop, 1964). 
The microfibril orientation in the G-layer is almost parallel to the 
cell axis, forming a widely separated loose structure. 
The chemical composition of tension wood fibers differs from that of 
normal wood fibers. Generally speaking, tension wood fibers have a higher 
cellulose, galactan and ash content in contrast to lower concentration of 
hemicellulose, pentosans, lignin and glucomannans (Hughes, 1965b). 
Several physical property changes are involved in tension wood. The 
specific gravity of tension wood has been found by some researchers to be 
related to the amount of gelatinous fibers present (Bensend, 1972). In 
general, tension wood has a higher specific gravity due to the thick inner 
G-layer; therefore, tension wood has higher toughness than normal wood. 
Slip planes and compression failures are associated with developing tensile 
stress and usually occur on the longitudinal surface of tension wood fibers 
thus reducing the compression and bending strength of the wood. Haskell 
(1958) also reported tension wood has lower value of modulus of rapture and 
modulus of elasticity. 
Excess longitudinal shrinkage in tension wood is one of the problems 
during the drying process. This can be explained due to the lower degree 
cf lignification in both the G~lay£r Gnd the layer. Normally, ths S2 
layer has steep fibril angles which restrains the longitudinal shrinkage of 
the thinner Sj layer. In tension wood the less lignified S2 layer may de-
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crease the restrain, resulting in Increased longitudinal shrinkage. The 
larger fibril angle in primary wall and Sj layers in tension wood also 
causes excess longitudinal shrinkage. Scurfield (1973) thought that highly 
crystalline and less lignified G-layer also allowed the crystallites of 
microfibrils to be brought close together longitudinally when water is 
removed. This excess longitudinal shrinkage causes crook, bow, and twist­
ing defects during seasoning. 
Tension wood gives considerable difficulty in mechanical processing. 
Fibers are easily torn out during lumber processing thus producing a fuzzy, 
woolly surface. This is especially true when the lumber is wet. This prob­
lem is due to pure cellulose in G-layer and a lack of adhesion between the 
G-layer and other cell wall layers with the G-layer being flexible and 
difficult to cut thus tending to pull out when the other layers are cut. 
Collapse during drying process is another problem In using tension 
wood. The lower compressive strength of tension wood often results in 
collapse due to high capillary tensile stress that develops as water is 
evaporated from the saturated area in the wood. 
Tension wood affects the pulping qualities in the following way. The 
use of tension wood in chemical and semi-chemical pulping processes in­
creases the pulp yield but decreases the paper strength properties. Because 
of the thicker fiber walls which do not collapse into flat ribbons as nicely 
in nonrial vood fibers ; it rsdnccs Ir.tsrfibsr bonding in paper. In contrast, 
tension wood is more suitable for mechanical and dissolving pulps due to 
its lower lignin content and the ease with which it can be ground. 
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MATERIALS AND METHODS 
Materials used in this study were three^month^old Populus cuttings. 
The two clones selected were Tristis No. 1, a natural hybrid between 
Populus tristis x Populus balsmifera L. and Wisconsin-5, a Populus del­
toïdes, Bartr. hybrid. The Populus cuttings were collected from fertilized 
stock plants and placed under a mist system until the roots were estab­
lished. The cuttings were placed in an aerated nutrient solution and 
grown in 20 liter plastic pots in the greenhouse. The modified Hoagland 
and Arnon nutrient solution was used (Table I). Phosphorus was increased 
to 50 ppm and the nitrogen levels in the solution were orthogonally spaced 
between 0 to 70 ppm. 
Stem samples were Ih inches long and cut from 3 inches above the root 
color from young cuttings. Approximately one inch thick cross sections 
were cut and stored in FAA killing solution (50 ml 95% ethyl alcohol, 5 ml 
glacial acetic acid, 10 ml 40% formaldehyde and 35 ml water), These 
samples were used to determine the proportion of wood elements, fiber 
length, and amount of gelatinous fibers. In addition they were used in a 
scanning electron microscopy study. The remaining h inch sections were 
fixed with 3% glutaraldehyde in pH 7.3 phosphate buffer solution in prepara­
tion for studying the cell wall ultrastructure with the transmission elec­
tron microscopy. 
Light Microscopy 
Samples were transferred from FAA killing solution into water for 
approximately 24 hours in order to get rid of FAA from the plant tissue 
and saturate with water. Water then was replaced by direct infiltration 
Table 1. Nutrient solution composition 
Com])oimd Elements, ppm 
P Ca K Mg S B Mn Zn Cu Mo Fe Cl 
Ca ^ 50 20 
CaSO, 80 64 4 
K-SO. 195.5 90 
2 4 
MgSO^ 48.6 64 
HgBOg .5 
MnCl2.4H20 .5 .65 
ZnSO^.THgO .05 
02 
CuS0^.5H20 
H^MoO^.H^O .01 
FeSO^.TH^O 3 5 
Total 50 100 195.5 48.6 221 .5 .5 .05 .02 .01 5 .65 
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with polyethylene glycol molecular weight 1,000 (PEG 1,000) for 24 hours 
at 57*C. The old polyethylene 1,000 was then poured off and fresh PEG 
1,000 was added and allowed to Infiltrate two to four hours. PEG 1,000 
was replaced with PEG 1,540 and allowed to stand for 12 hours at 57*C. 
After Infiltration, the materials were embedded in pure PEG 1,540. Trans­
verse sections were sliced at approximately 20 microns thickness with a 
sliding microtome and then soaked in distilled water for a few hours to 
dissolve the carbowax. Ninety-six permanent slides were made and carried 
through an alcohol dehydration series followed by staining with safranln 
and fast green in order to differentiate gelatinous fibers from normal 
fibers. 
Determination of wood elements 
Twelve color photomicrographs were taken systematically with a random 
start in each transverse section using a Zeiss Photomicroscope. The loca­
tion of photos taken was as follows : 
Figure 1. The location of the samples within each stem 
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For the zero level nitrogen treatment samples, eight pictures were 
taken around the stem. A microfilm reader was used to project the film 
onto a grid with 400 equally spaced dots to determine the proportion of 
wood elements. Counting the number of dots falling on each wood element, 
dividing by 400 and multiplying by 100 gives the proportion of wood 
elements within each slide. 
Determination of the proportion of gelatinous fibers 
Glass slides were used to determine the amount of G-flbers. Slides 
were projected onto the screen with 100 equally spaced dots by using A-0 
microstar microscope. In each slide, twelve different areas were randomly 
chosen to determine the proportion of gelatinous fibers. Counting the 
dots falling on fibers and gelatinous fibers enabled me to calculate the 
percentage of G-fibers in each slide. 
Measuring the fiber length 
Two mm long sections were used for measuring the fiber length. Fibers 
were macerated with a 1:1 solution (by volume) of 10% chromic acid and 
10% nitric acid. After staining, temporary slides were made. The slides 
were projected onto a flat surface with a prism-mirror combination A-0 
microscope. Twenty unbroken fibers were chosen randomly and measured with 
a calibrated scale. 
Transmission Electron Microscopy 
Materials were fixed in 3% glutaraldehyde in pH 7.30 phosphate buffer 
solution for 48 hours at 4°C and washed with a buffer solution three times. 
Following this treatment they were post fixed in 2% osmium tetroxlde in a 
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phosophate buffer solution for two hours at room temperature. The samples 
were carried through an alcohol dehydration series, infiltrated and 
o 
embedded in Epon A and B embedding resins (Luft, 1961). Ultrathin 300A 
sections were cut with a diamond knife on a KLB ultramicrotome. Sections 
were then mounted on 300 mesh copper formvar coated grids and double 
stained with uranyl acetate and lead citrate to differentiate the ultra-
structure of various cell wall layers. Specimens were observed under the 
Hitachi-HS 8 transmission electron microscope. 
Scanning Electron Microscopy 
Two different sample preparations were used for the scanning elec­
tron microscopy to study the three dimensional surface structure of the 
cell wall. Free hand transverse sections were cut from non-embedded 
materials and used in a freeze drying technique to dry the samples. The 
other preparation was using a sliding microtome to cut one hundred micron 
thick sections from the carbowax embedded materials (this method was used 
through the entire experiment due to the ease of preparation). After 
dissolving the carbowax with water the sections were oven dried. The 
dried samples were then mounted on metal stubs with non-conductive glue 
or double stick tape and then coated with a thin layer of carbon and a 
o 
layer of Au:?d 60:40 (300A thickness) in high vsccum coating evaporating 
apparatus. A JEOL JSM-35 scanning electron microscope was used in this 
study. 
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STATISTICAL DESIGN 
Two clones of Populus were selected for this study. The experiment 
consisted of a randomized complete-block design with six replications for 
each treatment. Eight treatments were involved in each clone. The ran­
domized complete-block design was chosen to alleviate the problem due to 
lack of quantitative growth information related to position within the 
greenhouse. "A Biométrie Technique for Reaction Tissue Research" (Berlyn, 
1959) was used to obtain percentage of G-fibers and wood elements. This 
procedure provided a means of subjecting the incidence of tension wood 
and other cytohistological phenomena to statistical analysis. Uni- and 
multi-variate analysis of variance were used to test various hypotheses. 
The testing hypotheses used are as follows: 
(1) Whether or not there was any clonal effect on the proportion of 
wood elements, the amount of G-fibers and general growth condition (includ­
ing both height and diameter growth ). 
(2) Whether or not there were any treatment effects (level of nitro­
gen) on growth and anatomical properties in cottonwood cuttings. 
(3) Whether or not there were any interactions between clones and 
nitrogen levels. 
Non-quantitative tests such as observing the uitrastructure of the 
cell wall (especially G-layer) for various treatments were also done in 
this study. 
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RESULTS 
Plant Growth and Proportion of Wood Elements 
The main purpose of this study was to determine whether the nitrogen 
level had any effect on plant growth and relevant anatomical properties of 
wood. In this study, the stem growth (including both height and diameter) 
and fiber length were measured in cm and mm,respectively. The proportion 
of wood elements were obtained in percentage. 
Six replications were involved in each treatment with the mean values 
of the dependent variables (including height, diameter, fiber length, 
number of vessels, vessel percent, ray parenchyma cell percent, total fiber 
percent and G-fiber percent) for both clones being computed. The results 
were summarized in Table 2. 
"0" Level of Nitrogen vs. Nitrogen Treatments 
The results showed cuttings with "0" level of nitrogen grew very 
slowly compared to those supplied with some nitrogen. At "0" nitrogen 
level although the diameter growth was very similar in both clones, the 
height growth was 17 inches less in the Tristis clone. Tristis had shorter 
fibers than Wisconsin-5. In general, cuttings with "O" level of nitrogen 
had less stem height and diameter growth and the fiber length was shorter 
than the rest of the cuttings. Both wisconsin-5 and Tristis had a large 
number of vessels at the "0" level, especially Tristis. At "0" nitrogen 
level, Wisconsin-5 had relatively higher vessel, total fiber and gelatinous 
fiber percentages than Tristis. In contrast, the Tristis clone had rela­
tively higher percentages of ray parenchyma cells than Wisconsin-5. Appli-
Table 2. Tlie response of Populus cuttings to various levels of nitrogen showing average measure­
ment of Individual dependent variables for each nitrogen level. Populus clone number 1 and 
2 represent Wisconsin-5 and TriLstis^respectively. 
Nitrogen 
level 
Clone 
number 
Height 
growth 
( cm) 
Diameter 
growth 
(cm) 
Fiber 
length 
(mm) 
Vessel 
number 
Vessel 
percent 
Ray cell 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
0 1 63.7 0.29 0.47 126 24.2 5.3 70.5 51.2 
1 1 180.2 0.80 0.51 61 20.0 11.0 69.0 56.6 
2 1 177.5 0.86 0.49 59 19.7 11.8 68.5 56.7 
3 1 175.0 0.83 0.51 62 20.7 11.0 68.3 60.2 
4 1 170.5 0.79 0.53 65 21.2 10.5 68.3 54.8 
5 1 169.7 0.83 0.51 64 20.7 11.3 68.0 54.2 
6 1 171.2 0.86 0.51 60 20.8 9.7 69.5 57.7 
7 1 170.7 0.87 0.53 61 20.0 11.0 69.0 56.5 
0 2 46.0 0.30 0.42 193 23.5 8.0 68.2 30.5 
1 2 201.0 0.76 0.47 69 22.5 9.8 67.7 51.8 
2 2 211.2 0.76 0.50 64 22.0 10.0 68.0 54.3 
3 2 208.3 0.64 0.49 71 21.8 10.5 67.7 57.7 
4 2 2130.5 0.83 0.49 62 22.0 10.5 67.5 42.0 
5 2 203.7 0.76 0.47 69 23.8 10.3 65.8 43.0 
6 2 202.7 0.77 0.48 69 24.2 9.7 66.2 41.7 
7 2 212.5 0.81 0.47 67 23.8 10.0 66.2 49.0 
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cation of 10 to 70 ppm nitrogen to the cuttings increased height and 
diameter growth, ray parenchyma and G-fiber percentages and produced 
longer fibers, while decreasing vessel and total fiber percentages and 
produced a fewer number of vessels for both clones (Table 3). 
The analysis of variances were done by using both non-transformed 
and transformed data with the proportion of wood elements transformed 
into arcsin values. However, the results showed that it was unnecessary 
to transform the data because the test F-values were similar for both 
transformed and non-transformed data (Table 4). 
Univariate Analysis of Variance 
The observations (including "0" level of nitrogen) were analyzed and 
the results were as Table 5. 
The results in Table 5 indicate that clones had significant effect 
on all dependent variables (height growth, diameter growth, fiber length, 
vessel number, vessel percent, total fiber percent and G-fiber percent) 
except the ray parenchyma cell percent. Nitrogen levels had a significant 
effect on height and diameter growth and proportion of all wood elements 
except fiber percent. There was nitrogen and clone interaction associated 
with ray parenchyma percent and vessel number but no interaction on the 
remainder of the dependent variables. 
Table 2 showed that the clonal and nitrogen level effects on plant 
growth and proportion of wood elements were mainly from "O" level of nitro­
gen. This result is evident since there was a great difference in growth 
and proportion of wood elements between no nitrogen and the average of 
Table 3. The comparison of average iieasurementis of individual variables for non-nitrogen and 
with nitrogen treatments. The values for nitrogen treatment are the average of 
seven levels of nitrogen (ifrom 10 ppn to 70 ppm). Populus clones number 1 and 2 
represent Wisconsin-5 and Tristis respectively 
Treatment 
Clone 
• number 
Height 
growth 
(cm) 
Diajaeter 
growth 
(cm) 
Fiber 
length 
(mm) 
Vessel 
number 
r—• 
Vessel 
percent 
Ray Cell 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
No nitrogen 1 63.7 0.29 0.47 126.0 24.2 5.3 70.5 51.2 
With nitrogen 1 173.5 0.83 0.51 61.7 20.4 10.9 68.7 56.7 
No nitrogen Ï 2 46.0 0.30 0.42 193.0 23.5 8.0 68.2 30.5 
With nitrogen 2 210.0 0.76 0.48 67.3 22.9 10.1 67.0 48.5 
Table 4. Comparison of test F-valuesi for transformed and non-transformed data 
Non-transform Transform 
Vessel 
percent 
Ray Cell 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Vessel 
percent 
Ray Cell 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Clone 28.790 11.336 13.849 11.211 28.814 11.355 13.621 9.143 
Nitrogen level 0.957 1.385 0.624 1.499 0.958 1.883 0.632 ; 1.521 
Clone X nitrogen level 0.905 1.159 0.948 0.705 0.902 1.161 ; 0.957 0.680 
Table 5. Mean squares for the measured dependent variables of two Populus clones. (data including 
"0" level of nitrogen) 
Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Ray Cell 
percent 
Total 
fiber 
percent 
G—fiber 
percent 
Clone 21540.3** 0.094** 0.0240** 4040.17** 99.160** 2.702 72.542** 2237.822** 
Nitrogen level 28362.0** 0.386** 0.0045** 13521.37** 10.504* 23.892** 5.639 363.201** 
Clone X nitrogen 
level 1400.6 0.015 0.011 1505.98** 7.031 5.597** 3.472 135.068 
Residual 1107.04 0.012 0.0011 165.62 4.365 1.049 4.312 115.228 
* Significant at the 5% level. 
** Significant at the 1% level. 
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seven levels of nitrogen (Table 3). Further analysis was done without "0" 
level of nitrogen (Table 6). 
Table 6 illustrates that clones had a significant effect on plant 
growth, especially on height growth and fiber length. Clones also had a 
significant effect on proportion of all wood elements. There was no nitro­
gen effect among 7 levels of nitrogen (from 10 ppm to 70 ppm) on the rate 
of growth and the proportion of various wood elements. This means applica­
tion of 10 ppm or more nitrogen to plants did not have any effect on plant 
growth or anatomical properties of the wood. There were no clone and nitro­
gen level interaction effects on any dependent variables. In summary, the 
results indicated that clonal effect was the main factor causing the vari­
ation in growth and anatomical properties. 
Stem height growth 
Cuttings with "0" level of nitrogen had very slow growth rate com­
pared with other treatments. Height growth of cuttings in the 10 ppm to 
70 ppm nitrogen solutions was approximately three times those grown in the 
"O" level of nitrogen. In general, Tristis had faster height growth than 
Wisconsin-5. Height growth increased very rapidly from the "0" level to 
the first level of nitrogen then showed very little change for the addi­
tional levels of nitrogen. With the 10 ppm to 70 ppm nitrogen level 
range, Wisconsin'5 showed less variacion in height growth than the Tristis 
clone (Figure 2). 
Stem diameter growth 
Diameter growth followed the same trend as the height growth with a 
rapid increase at the beginning two levels of nitrogen followed by very 
Table 6. Mean squares for the measured dependent variables of two Populus clones. (Data excluding 
"0" level of nitrogen) 
Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Ray Cell 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Clone 27807.536** 0.116** 0.0190** 618.090* 123.715** 12.734** 57.069** 1380.955** 
Nitrogen level 264.744 0.012 0.0004 38.576 4.112 2.117 2.573 184.668 
Clone x Nitro­
gen level 433.482 0.014 0.0012 49.196 3.888 1.302 3.906 86.835 
Residual 1240.799 0.014 0.00079 148.377 4.297 1.123 4.121 123.170 
* Significant at; the 5% level. 
** Significant at; the 1% level. 
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Figure 2. Stem height growth in relation to clone and nitrogen level 
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little change as the nitrogen levels increased. In general, Tristis 
exhibited more response to the nitrogen level than Wisconsin-5. Tristis 
showed a very irregular pattern especially at 30 ppm nitrogen level where 
it had very small diameter growth (Figure 3). 
Fiber length 
Clones had a significant effect on fiber length. Figure 4 indicates 
that Tristis had shorter fibers than Wisconsin-5. Various amounts of 
nitrogen (from 10 ppm to 70 ppm) had very little effect on fiber length. 
However, cuttings with "0" level of nitrogen had shorter fibers than any 
other treatments for both clones (Figure 4). 
Number of vessels 
Cuttings with "0" level of nitrogen had an extremely large number of 
vessels. Application of a small amount of nitrogen reduced the number of 
vessels by one-half to one-third. Additional amounts of nitrogen had very 
little effect on number of vessels. However, clonal effect was significant. 
Tristis had a greater number of vessels than Wisconsin-5 particularly at 
the "0" level (Figure 5). 
Proportion of wood elements 
The proportion of wood elements involved percentages of vessels, ray 
parenchyma cells, total fibers and gelatinous fibers. The amount of ray 
parenchyma cells varied from 5.3% to 11.8% throughout all treatments. 
Cuttings had the lowest percentage of ray parenchyma cells at the "O" 
nitrogen level. As the nitrogen level increased, the percentage of ray 
parenchyma cells showed very little variation. Wisconsin-5 had slightly 
32 
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Figure 3. Stem diameter growth In relation to clone and nitrogen level 
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higher percentage of ray parenchyma cells than Tristis except at the 
lowest nitrogen level. 
Amount of nitrogen had a very minor effect on the proportion of 
vessel elements. Although at "0" level, cuttings had a much larger number 
of vessels than other treatments; they were very small. Cuttings with "0" 
level of nitrogen had sligntly higher proportion of vessels. Wisconsin-5 
had lower percentage of vessels throughout all treatments indicating a 
smaller cross sectional area occupied by vessel elements. 
The amount of nitrogen had no significant effect on altering the per­
centage of total fibers. The proportion of wood fibers varied from 65.8% 
to 70.5% with Wisconsin-5 having slightly higher values than Tristis clone. 
The amount of gelatinous fibers varied with the level of nitrogen. 
The "0" nitrogen level had the lowest percentage of G-fibers. As the 
amount of nitrogen increased, the percentage of G-fibers increased, reach­
ing a maximum at the third nitrogen level (Figure 6). The amount of G-
fibers in Tristis appeared to be less than in Wisconsin-5. Tula iiiuicated 
that different Populus clones may have different tension wood contents. 
Multivariate Analysis of Variance 
The partial correlation coefficients holding clone and nitrogen level 
constant were obtained from the regression analysis with the coefficients 
themselves illustrating the relationship between any two dependent vari­
ables (Table 7). Table 7 indicated that the diameter growth, fiber length, 
and vessel numbers were strongly associated with height growth. Diameter 
and fiber length had a positive effect on height growth; however, vessel 
Table 7. Partial correlation coefficients showing the relationship between any two dependent 
variables holding clone and nitrogen level constant. 
Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Height growth 1.000 0.691** 0.315** -0.527** -0.178 0.023 0.170 
Diameter growth 0.691** 1.000 0.175 -0.538** -0.258* 0.127 0.117 
Fiber length 0.315** 0.175 1.000 -0.179 0.087 -0.122 -0.111 
Vessel number -0.527** -0.538** -0.179 1.000 0.403** -0.306** -0.177 
Vessel percent -0.178 -0.258* 0.087 0.403** 1.000 -0.880** -0.167 
Total fiber percent 0.024 0.127 -0.122 -0.306** -0.880** 1.000 0.273* 
G-fiber percent 0.170 0.117 -0.111 -0.177 0.167 0.273* 1.000 
* Significant at the 5% level. 
** Significant at the 1% level. 
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number had a negative effect. Vessel number and percentage of vessels 
were negatively related to diameter growth. Both vessel number and per­
cent affected fiber percent. The vessel number was positively associated 
with vessel percent; however, the amount of fibers had a strong negative 
effect on vessel percent. It also showed that a higher fiber percent 
resulted in higher percent of G-fibers. 
Additional multivariate analysis was carried out in order to determine 
whether two populations (i.e., Wisconsin-5 and Tristis clones) had the same 
means with respect to all measurements. Hotelling-Lawley's Trace was used 
as a test criterion in the multivariate analysis. Data including "0" level 
of nitrogen were analyzed, and the F-values were determined as listed in 
Table 8. 
Three testing hypotheses were performed. The null hypotheses were: 
(1) HG: no clonal effects. (2) Hg: no nitrogen level effects. (3) Hq: 
no clone x nitrogen level interaction effects. The F-values were calcu­
lated by Kctclling-Ls^'ley's Trace formula with the result? sicniflr.antly 
rejecting these three null hypotheses at the 1% significant level. This 
simply illustrated that there were some clone, nitrogen and clone by nitro­
gen interaction effects through multivariate analysis including "0" level 
of nitrogen. 
A comparison of above results (Table 8) mnd the results obtained from 
univariate analysis (Table 5) indicated a lack of clone by nitrogen inter­
action in univariate analysis in most measured variables. 
The second multivariate analysis was conducted using data excluding 
the "0" level of nitrogen. The same test criterion and test hypothesis 
Table 8. Multivariate analysis of variance table showing the F-values. The Hotelling-Lawley's 
Trace test criterion was used to test whether clone, nitrogen, or clone x nitrogen 
effects were significant. Data included the "0" level of nitrogen 
Test Hypothesis F-values 
Hq: NO clone effect 29.943** 
Hg: No nitrogen level effect 13.925** 
Hq: No clone x nitrogen level effect 4.0096** 
** Significant at the 1% level. 
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were used as above. The results are listed in Table 9. The F-values 
provided information to reject the first null hypotheses at the 1% signif­
icance level and accept the second and the third null hypotheses. This 
could be explained as follows; the clonal effects were significant at the 
1% significance level; and the nitrogen level and clone by nitrogen level 
interaction had no significant effects on plant growth and anatomical 
properties. In summary, the growth difference and change in anatomical 
properties were due mainly to different clones. This result closely 
corresponds with univariate analysis (Table 6). 
Canonical multivariate analyses were performed to analyze the varia­
tion due to clone, nitrogen level and clone by nitrogen level interaction 
individually. Data included "0" level of nitrogen. This was done to 
ideutify which dependent variables (height growth, diameter growth, vessel 
number, vessel percent, fiber length, total fiber percent, and G-fiber 
percent) contributed the most to the variation. These analyses would be 
helpful In determining which variables give the best explanation for the 
differences between clones, nitrogen level and clone by nitrogen inter­
action. 
Tables 10 and 11 list the characteristic roots and vectors of the 
canonical variables and the correlation coefficients between canonical 
variables and each dependent variable. Vessel number, vessel percent and 
fiber length contributed the most to the variation between clones. One hun­
dred percent of the variation due to clone could be expressed by the first 
canonical variable. The contribution of each Individual dependent 
Table S'. Multivariate analysis of variance table showing the F-values. The Hotelling-
Lawley's Trace test critericn tested whether clone, nitrogen level, and clone 
X nitrogen level effects were significant. Data excluded "0" level of nitrogen 
Test Hypothesis F-value 
No clone effect 31.195** 
No nitrogen level effect 0.992 
No clone x nitrogen level effect 0.829 
4> 
w 
** Significant at the 1% level. 
Table 10. Characteristic roots and vectors of canonical multivariate analysis of the variation due 
to CLONE 
Canonical 
variable 
number 
Characteristic 
root; 
Percent of 
variation 
Normalized characteristic vectors associated 
with characteristic roots 
He ight 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Var. #1 2.871 100 -0.00434 0.610 1.9367 -0.0034 -0.0394 -0.0323 0.0050 
Table 11. Correlation coefficients between each canonical variable and dependent variables 
(Variation due to CLONE) 
Correlation coefficients between canonical variable 
and dependent variables 
Canonica]. variable number 
Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Var. #1 -0.2884 0.1872 0.3060 -0.3323 -0.3191 0.2724 0.2927 
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variable to the canonical variable could be expressed in the following 
equation: 
X(cione) ~ -0.0434 Height + 0.610 Dia. growth + 1.9367 Fiber 
length - 0.0034 Vessel number - 0.0394 Vessel percent 
- 0.0323 Total fiber percent + 0.0050 G-fiber percent 
Where X is the canonical variable representing the variation due to 
clone. 
Tables 12 and 13 indicated that the first two canonical variables 
explained about 97.9% of the variation due to nitrogen level. In canoni­
cal variable #1, the diameter growth, height growth and vessel number con­
tributed the most to the variation due to nitrogen level. The amount of 
variation could be expressed as follows: 
^(nitrogen level) ~ 0-0006 Height growth - 0.1453 Diameter growth 
- 0.0067 Fiber length + 0.0085 Vessel number 
+ 0.0222 Vessel percent + 0.0432 Total fiber 
psrccnt - 0.0013 G-fiber percent 
Where X was the first canonical variable representing 93.8% of the 
variation due to nitrogen level. The second canonical variable explained 
4% of variation due to nitrogen level. In this case the diameter growth 
and vessel percent and G-fiber percent contribute the most to the varia­
tion due to various levels of nitrogen= The relation could be written as 
follows : 
Y, . = -0.0007 Height growth + 0.7911 Diameter growth (nitrogen level) ° " 
- 0,5569 Fiber length - 0.0014 Vessel number 
+ 0.0923 Vessel percent + 0.0762 Fiber percent 
- 0.0068 G-fiber percent 
Table 12. Characteristic roots and vectors of canonical multivariate analysis of variation due 
to NITROGEN LEVEL 
Normalized characteristic vectors associated with 
characteristic roots 
Canonical 
variable 
number 
Characteristic 
root 
Percent of 
variation 
Height 
jjrowth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Var. #1 8.9795 93.81 0.0006 -0.1453 -0.0067 0.0085 0.0222 0.0432 -0.0013 
Var. #2 0.3930 4.11 -0.0007 0.7911 -0.5569 -0.0014 0.0923 0.0762 -0.0068 
Var. #3 0.0870 0.91 0.0030 -0.8263 0.1892 -0.0030 0.0675 0.0862 -0.0009 
Var. #4 0.0592 0.62 -0.0023 0.5668 -0.3656 -0.0007 0.0298 0.0247 0.0082 
Var. #5 0.0391 0.41 0.0008 -0.7103 -2.1523 -0.0042 0.0270 -0.0129 -0.0002 
Var- #6 0.01366 0.14 0.0006 0.0419 2.0857 0.0022 0.0277 -0.0068 0.0040 
Var. #7 0.0001 0.00 0.0033 0.2559 -1.9169 0.0051 0.0019 0.0012 0.00089 
Table 13. Correlation coefficients between each canonical variable and dependent variables 
(Variation due to NITROGEN LlîVEL) 
Correlation coefficients between canonical variables and 
dependent variables 
Canonical 
number 
variable Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Var. #1 -0.5004 -0.5566 -0.1892 0.8971 0.1277 0.0886 -0.1325 
Var. #2 -0.0388 0.3345 -0.0227 -0.0522 0.3459 -0.1172 -0.4524 
Var. #3 0.3276 -0.1312 0.1818 -0.3525 -0.2146 0.4801 . 0.2452 
Var. #4 -0.2607 0.1013 -0.3126 -0.0425 -0.0400 0.2748 0.7909 
Var. #5 -0.2771 -0.5378 -0.5308 0.1570 0.5982 -0.5383 -0.0335 
Var. #6 0.2363 0.0313 0.6604 0.2025 0.6752 -0.6173 0.1819 
Vai". //7 0.6634 0.5104 -0.3393 0.0294 -0.0514 -0.0386 0.2408 
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Where Y was the second canonical variable representing 4.1% of the 
variation due to nitrogen level. 
In summary, the diameter growth, fiber percent and fiber length con­
tribute the most to the variation due to various nitrogen levels. 
Tables 14 and 15 indicated that the first three canonical variables 
expressed 96.0% of variation due to clone and nitrogen level interaction. 
The normalized characteristic vectors associated with the character­
istic roots show that the vessel number contributes the most due to clone 
by nitrogen level interaction for canonical variable #1. In canonical 
variable #2, the diameter growth and fiber length contribute the most due 
to clone by nitrogen level interaction. In canonical variable #3, the 
diameter growth contributes the most due to clone by nitrogen level inter­
action. The relations between each canonical variable and all the depend­
ent variables were expressed as follows: 
X nitrogen level) ° diameter 
iTi-r*T.T**îi 4- n. AQOft "P-fhoT* lonot'Vi 4- 0.00^ 7 
Vessel number - 0.0780 Vessel percent -
0.0590 Fiber percent + 0.0010 G-fiber 
percent 
"(clone X nitrogen level) ° Height growth + 0.728 Diameter 
growth - 2.3615 Fiber length - 0.0020 
Vessel number + 0.0187 Vessel percent -
0.0101 Fiber percent - 0.0045 G-fiber 
percent 
Table 14. Characteristic roots and vectors of canonical multivariate analysis of the variation due 
t:o CLONE X NITROGEN LEVEL INTERACTION 
Normalized characteristic vectors associated 
with characteristic roots 
Canonical 
variable 
number 
Characteristic 
roots 
Percent of 
variation 
Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Var. #1 2.3081 83.75 -0.0014 0.6536 0.4908 0.0087 -0.0780 -0.0590 0.0010 
Var. #2 0.2225 8.07 -0.0004 0.7280 -2.3615 -0.0020 0.0187 -0.0101 -0.0045 
Var. #3 0.1164 4.22 -0.0024 1.0298 1.1296 0.0017 0.0733 0.0715 0.0019 
Var. #4 0.0629 2.28 0,0003 0.3199 0.8432 -0.0019 -0.0233 0.0127 -0.0040 
Var. #5 0.0310 1.15 -0.0013 0.0097 2.1082 -0.0020 -0.0003 -0.0236 -0.0047 
Var. #6 0.0125 0.45 0.0042 -0.1274 0.0658 0.0062 0.0454 0.0438 -0.0025 
Var. //7 0.0021 0.08 -0,0004 0.2937 0.9396 -0.0016 -0.0392 -0.0678 0.0080 
Table 15. Correlation coefficients between each canonical variable and the dependent variables 
(variation due to CLONE X NITROGEN LEVEL) 
Correlation coefficients between canonical variables and dependent 
variables 
Canonica] variable 
number 
Height 
growth 
Diameter 
growth 
Fiber 
length 
Vessel 
number 
Vessel 
percent 
Total 
fiber 
percent 
G-fiber 
percent 
Var. #1 -0.1944 0.0950 -0.0510 0.5738 -0.1840 -0.0400 -0.1464 
Var. #2 0.1273 0.4620 -0.4813 -0.1507 0.2657 -0.3640 -0.3544 
Var. #3 -0.1906 0.3054 0.1960 0.0837 0.1466 0.1779 0.2336 
Var. #4 0.5149 0.6309 0.3496 -0.6569 -0.7382 0.5904 -0.1805 
Var. #5 -0.1558 -0.1376 0.6529 0.0746 0.4852 -0.5695 -0.6636 
Vax. #6 0.6123 0.2104 0.2631 0.2525 0.2710 -0.2049 -0.0947 
Var. #7 0.4954 0.47:!3 0.3311 -0.3744 0.1425 -0.3455 0.5626 
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Z. , . 1 = -0.0024 Height growth + 1.0298 Diameter (clone X nitrogen level) 
growth + 1.1296 Fiber length + 0.0017 
Vessel number + 0.0733 Vessel percent + 
0.0715 Fiber percent + 0.0019 G-fiber 
percent 
Where X, Y, and Z were the first three canonical variables. 
The means of canonical variables were obtained via multivariate 
analysis techniques (Table 16). The means of canonical variable #1 versus 
canonical variable #2 were plotted through eight nitrogen levels for both 
clones. 
Figure 7 shows the overall response of eight nitrogen levels for 
both clones. This graph illustrates that the point for zero nitrogen 
level is quite far from the points for the rest of nitrogen levels for 
both clones. It indicates that zero nitrogen level had a significant 
difference from the rest of nitrogen levels. The nitrogen effect was 
due mainly to the zero level. Application of more than 10 ppm of nitro­
gen made no significant effect on wood properties. Clonal difference was 
also especially significant at the zero nitrogen level. In general, 
Tristis had a greater response to the nitrogen level than Wisconsin-5. 
There was less variation between the zero level and the first level of 
nitrogen in Wtsfonsin-S than in Tristis. 
Table 16. Means oi: canonical variables. Six replications were involved in each nitrogen level. 
Clone 1 and 2 represent Wisconsin-5 and Tristis respectively 
Nitrog;en level Clone number Canonical var. #1 Canonical var. #2 
0 1 -4.56 -1.67 
1 1 -4.51 -1.41 
2 1 -4.44 -1.32 
3 1 —4.48 -1.37 
4 -4.52 -1.41 
5 1 -4.45 -1.36 
6 -4.56 -1.34 
7 1 -4.45 -1.39 
0 2 -3.80 -1.58 
1 2 -4.64 -1.29 
2 2 -4.66 -1.38 
3 2 -4.65 -1.45 
4 2 -4.65 -1.25 
5 2 -4.65 -1.20 
6 2 -4.69 -1.20 
7 2 -4.66 -1.20 
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Figure 7. Canonical analysis of proportion of wood elements and growth 
characteristics for Wisconsin-5 and Tristis 
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The Structure of Cell Wall 
Light microscopy 
Two different staining techniques were used in order to differentiate 
the gelatinous fibers. Due to the difference in chemical constituents of 
the G-layer, the G-fibers stain differently than normal fiber walls. 
Plate la shows that the swollen buckled G-layers stain dark purple in color 
while the rest of the cell wall layers are light brown when stained with 
chloro-iodide of zinc. In the fast green and safranin double staining 
process (plate lb) the G-layers absorb the fast green thus staining green­
ish blue while the normal fibers take on a red color. In this study, the 
safranin and fast green double staining technique was used in order to 
make permanent slides. 
Transmission electron microscopy 
Transverse ultrathin sections of normal and tension wood fibers were 
observed with the aid of the tranamiaaiou electron microscope. Four sam­
ples were randomly selected in order to examine the ultrastructure of the 
fiber cell wall. The samples were: W 40, W 21, W 24, and T 64 represent­
ing clones Wisconsin-5 at zero, first, and fourth nitrogen levels and 
Tristis at the fourth nitrogen level respectively. 
With one exception, there were no structural diffcrcnccs due to clone 
or nitrogen level. The cell wall thickness was observed to be different. 
Some of the fibers were mature and dead while some were still alive and 
undergoing development. Plates2 through 4 show the ultrastructure of the 
cell wall. The alternate light and dark bands become easily visable when 
Plate la. Tranverse section of Populus sp. showing the swollen 
buckled G-layers in the gelatinous fibers. These 
G-layers are dark purple in color when stained with 
chloro-iodide of zinc (640x) 
Plate lb. Tranverse section of Populus sp. showing that the G-
layers absorb fast green and stain greenish blue in 
the fast green and safranin staining process (400x) 
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the materials are stained with uranyl acetate and lead citrate. The 
middle lamella and cell corners, having the highest amounts of lignin, 
are dark in color. The combination of the primary cell wall and the Sj 
layer of the secondary cell wall are adjacent to the middle lamella. The 
demarkation between Sj and S2 layers is indicated very clearly by the 
appearance of a light color band. The S2 layer is much thicker than the 
S J layer. There was no evidence to show the presence of S3 layer. The 
absence of a S3 layer in fiber cells is a characteristic of some Populus 
species (Bensend, 1972). The S2 layer primarily contains tightly-packed 
microfibrils exhibiting light staining with heavy metal salts. 
The G-layers of the gelatinous fibers in tension wood are darker in 
color than the rest of the cell wall layers. The G-layers,being somewhat 
porous in texture, absorb more metallic salts (uranyl and lead) during the 
staining process. In ultrathin transverse sections, the G-layers also 
show up as a very uniformly thickened structure, completely attached to 
the secondary cell wall (Plate 2a). The continuity of the G-layer is 
occasionally interrupted by the formation of pits (Plate 3d). The thick­
ness of the G-layer varies with the degree of G-layer development. Some 
of them are four or five times thicker than the others (Plate 2d). 
In one special case, additional layer(s) were found inside the G-
layer (Plate 4a and 4b). This evidence has been reported once previously 
in the literature by Casperson (1961) and is due fo additional laysr(s) 
being formed slinu] t^neonsly while the sl-em is returned to Its vertical 
position. At this time, the fiber cell is still alive and additional 
layer(s) may be laid down inside of the G-layer. 
Plate 2a. TEM photomicrograph showing normal fibers and G-fibers. 
The G-layer appears uniform in thickness and surrounds 
the entire cell. Photo was taken from Wisconsin-5 at 
the "zero" nitrogen level (5,998%) 
Plate 2b. TEM photomicrograph showing normal fibers and G-fibers. 
These fiber cells were in differing stages of development. 
Photo was taken from Wisconsin-5 at the "zero" nitrogen 
level (11,725%) 
Plate 2c. TEM photomicrograph showing normal fibers. Various layers 
can be identified by observation. They possess a thin 
layer composed of combination of the primary wall and 
layer of the secondary wall and a very thick S2 layer. 
The photo was taken from Wisconsin-5 at the "zero" nitro­
gen level (13,650%) 
Plate 2d. TEM photomicrograph showing aomal fiber and G-fibers. 
The G-layers show the granulated structure while the 
secondary wall layers look smooth. The photo was taken 
from Wisconsin-5 at the "zero" nitrogen level (29,700%) 

Plate 3a. TEM photomicrograph of normal fibers showing the middle 
lamella, a combination of the primary cell wall and 
layer, and the S„ layer. Notice that the fiber cells 
were mature and aead. Photo was taken from Wisconsin-5 
at the "first" nitrogen level (7,860%) 
Plate 3b. TEM photomicrograph of G-fiber showing a thick G-layer. 
The cell was still alive after the G-layer formed. 
Various organelles were present at this time. Photo 
was taken from Tristis at the "fourth" nitrogen level 
(8,773x) 
Plate 3c. TEM photomicrograph of G-fibers and ray parenchyma cells 
showing the thick G-layers of the G-fibers and various 
organelles and starch grains in ray parenchyma cell. 
Photo was taken from Tristis at the "fourth" nitrogen 
level (17,440%) 
Plate 3d. TEM photomicrograph of G-fibers and ray parenchyma cell 
showing the thick G-layer. Notice that the G-layer is 
interrupted due to formation of pit. Photo was taken 
from Tristis at the "fourth" nitrogen level (8,850%) 

Plate 4a. TEM photomicrograph of G-fibers showing an additional 
layer inside the G-layer. The cell was still alive as 
indicated by the presence of cytoplasm and various 
organelles. Photo was taken from Wlsconsin-5 at the 
"fourth" level of nitrogen (9,588x) 
Plate 4b. TEM photomicrograph showing the G-fibers with additional 
unidentified layers inside the G-layer. Photo was taken 
from Wisconsin-5 at the "fourth" level of nitrogen (16,815%) 
Plate 4c. TEM photomicrograph showing the normal fibers with middle 
lamella, primary cell wall, and layers of secondary 
cell wail. Photo was taken from Wisëonsln-5 at the "fourth" 
level of nitrogen (7,670x) 
Plate 4d. TEM photomicrograph showing the thick G-layer of G-fibers. 
Photo was taken from Wisconsin-5 at the "fourth" level 
of nitrogen (25,500x) 
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Scanning electron microscopy 
One sample was randomly selected from each nitrogen level in 
order to compare the structure of tension wood fibers with normal wood 
fibers under different nitrogen levels. The samples were: T 40, T 21, 
T 12, T 53, T 65, T 66, T 37, W 40, W 11, W 32, W 23, W 54, W 25, W 56, 
and W 67. They represent Tristis and Wisconsin-5 from zero nitrogen level 
through the seventh nitrogen level respectively. Plate 5 through plate 20 
exhibit normal wood and tension wood fibers for each nitrogen level at 
different magnifications. Observations showed no significant structural 
difference except the thickness of the cell wall, particularly the thick­
ness of Gr.-layer. These results indicate that at a zero nitrogen level the 
tension wood fibers of both clones had a thinner cell wall than the other 
nitrogen levels. This was particularly true for the G-layer of the gela­
tinous fibers. Observations also showed that Wisconsin-5 at all nitrogen 
levels had a thicker G-layer than Tristis. The numerous groups of micro­
fibrils loosely attachcu ot^cweëû Liië vj—j.âyêi. âuu ths ôcCcndûjTy ccll Vull 
indicate evidence of damage caused by sectioning. Separation of the G-
layer from the secondary cell wall after drying also illustrates the weak 
bonding between the G-layer and the normal secondary cell wall. 
sEM photomicrographs of a tranverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Wisconsin-5 at the "zero" nitrogen 
level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

plate 6. SEM photomicrograph of transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. Sample 
was taken from Wisconsin-S at the "first" nitrogen level 
a. Tension wood fibers at low magnification (l,800x) 
b. Tension wood fibers at high magnification (5,760x) 
c. Normal wood fibers at low magnification (l,800x) 
d. Normal wood fibers at high magnification (5,760x) 

SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. Sample 
was taken from Wisconsin-5 at the "second" nitrogen level 
Tension wood fibers at low magnification (1,800%) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. Sample 
was taken from Wisconsin-5 at the "third" nitrogen level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,760x) 
Nnrinal unnd fibers at low magnification (l.SOOx) 
Normal wood fibers at high magnification (5,760x) 

SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. Sample 
was taken from Wlsconsln-5 at the "fourth" nitrogen level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

Plate 10. SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Wisconsin-5 at the "fifth" nitrogen 
level 
a. Tension wood fibers at low magnification (l;800x) 
b. Tension wood fibers at high magnification (5,760x) 
c. Normal wood fibers at low magnification (l,800x) 
d. Normal wood fibers at high magnification (5,760x) 

SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Wisconsin-5 at the "sixth" nitrogen 
level 
Tension wood fibers at low magnification (l,S00x) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Wisconsin-5 at the "seventh" nitrogen 
level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 

sEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "zero" nitrogen level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

sEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "first" nitrogen level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,760x) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760a) 

SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "second" nitrogen level 
Tension wood fibers at low magnification (l,800x) 
Tension wood fibers at high magnification (5,7ôOx) 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

Plate 16, SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Trlstls at the "third" nitrogen level 
a. Tension wood fibers at low magnification (l,800x) 
b. Tension wood fibers at high magnification (5,760x) 
c. Normal wood fibers at low magnification (l,800x) 
d. Normal wood fibers at high magnification (5,760x) 

Plate 17. SEM photomicrograph of a tranverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "fourth" nitrogen level 
a. Tension wood fibers at low magnification (l,800x) 
b. Tension wood fibers at high magnification (5,760x) 
c. Normal wood fibers at low magnification (l,800x) 
d. Normal wood fibers at high magnification (5,760x) 

Plate 18. SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "fifth" nitrogen level 
a. Tension wood fibers ât low magnification (l,800x) 
b. Tension wood fibers at high magnification (5,760x) 
c. Normal wood fibers at low magnification (l,800x) 
d. Normal wood fibers at high magnification (5,760x) 

sEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "sixth" nitrogen level 
Tension wood fibers at low magnification (1,800%:) 
Tension wood fibers at high magnification (5,760x)' 
Normal wood fibers at low magnification (l,800x) 
Normal wood fibers at high magnification (5,760x) 

Plate 20. SEM photomicrograph of a transverse view of Populus sp. 
showing tension wood fibers and normal wood fibers. 
Sample was taken from Tristis at the "seventh" nitrogen 
level 
a. Tension wood fibers at low magnification (l,800x) 
b. Tension wood fibers at high magnification (5,760x) 
c. Normal wood fibers at low magnification (l,8O0x) 
d. Normal wood fibers at high magnification (5,760x) 
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DISCUSSION 
The results of this study showed that there was significant difference 
in growth (height and diameter) and anatomical properties (such as the 
proportion of wood elements) between cuttings treated with and without 
nitrogen. Nitrogen is an essential nutrient element in plant growth and 
can be absorbed by plants in the form of nitrates and ammonia. Kramer and 
Kozlowski (I960) reported that nitrogen is required for tree growth throughout 
the life of the tree. A large amount of nitrogen is required for protein 
synthesis which is used in the formation of chloroplast and protoplasm for 
new cells. Therefore, application of nitrogen to plants can increase the 
growth rate. Plants require an optimum quantity of nitrogen for their 
growth. Baker (1950) estimated that forest trees take up from 38 to 45 
pounds of nitrogen per acre per year. This nitrogen is used for manufac­
turing compounds containing nitrogen in the trees. Eighty percent of this 
amount will return to the soil each year in the form of litter. Many 
studies have demonstrated that application of nitrogen fertilizer to 
forest trees increased the rate of growth significantly (McGregor, 1957; 
Cloud, 1950). Williams and Hamilton (1961) showed that trees grown on 
the nitrogen fertilized plots exhibited a 26 percent increase in diameter 
growth. Other wood properties, such as specific gravity, percentage of 
latewood, and stem anatomy can also be affected by the available nutrients 
especially nitrogen. In this study, the results indicated that cuttings 
without nitrogen treatments possessed a large number of vessels, slightly 
shorter fibers, a lower percentage of ray cells and G-fibers and higher 
percentage of vessels. Table 7 showed that there was a positive correla­
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tion between fiber length and plant height growth. Cuttings with no 
nitrogen treatments had a very small height and diameter growth and a 
slow elongation rate. Therefore, these cuttings possessed shorter fibers. 
Foulger et al. (1971) reported that fiber length is most closely associ­
ated with the level of nitrogen and potassium. However, they found a nega­
tive relation between fiber length and the amount of nitrogen. This is 
contrary to the results obtained in my study. This contrasting evidence 
may be due to the variation in the concentration and combination of 
nutrient elements used in both studies. 
The large number of vessels and high percentage of vessels and low 
percentage of G-flbers in the non-nitrogen treated cuttings was highly 
related to the concentration of plant nitrogen. Dykstra's study (1972) 
indicated that there was a significant difference in height growth, total 
dry weight, plant nitrogen and protein percent between cuttings with and 
without nitrogen. Plant nitrogen Increased with Increasing substrate 
nitrogen (pot nitrogen) up to approximately 40 ppm, and then decreased. 
Also the nitrate reductase response to substrate nitrogen was very similar 
to the plant nitrogen response. At "0" level of nitrogen, plants had a 
very low amount of nitrate reductase. The nitrate reductase is an enzyme 
which responds to changes in the nitrate status of the tree. Nitrate is 
the principal form of soil nitrogen available to plants. The nitrate 
reductase is indirectly related to hormone synthesis, thereby affecting 
plant growth. 
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The evidence of low percentage of G-flbers at the "0" level of nitro­
gen is very hard to explain on the basis of hormonal phenomena. However, 
it can be explained by the slow growth rate. Usually, the high percentage 
of G-fibers is associated with rapid growth rates and high total fiber 
percentages. At the "0" level, cuttings grew much slower, possessed less 
total fibers, and resulted in lower percentage of G-fibers. 
Dykstra (1972) found that cuttings at "0" level of nitrogen had less 
stem and root dry weights. The slow growth rate, higher percentage of 
vessels, lower percentage of G-fibers produced small dry substances thus 
resulting in lower dry weights. 
The anlaysis of variance (excluding "0" level of nitrogen) indicated 
no significant differences in anatomical and growth properties among the 
seven levels of nitrogen (from iO ppm to 70 ppm). This result agreed with 
Dykstra's (1972) findings. He reported that there was no significant dif­
ference in nitrate reductase and stem dry weight among the seven nitrogen 
levels (from 10 to 70 ppm). 
Clonal effect played a very Important role in growth performance. 
Throughout the 10 to 70 ppm nitrogen level, Wisconsin-5 showed less vari­
ation in height and diameter growth than Tristis, Tristis exhibited the 
most height and diameter growth at 40 ppm pot nitrogen level. Dykstra 
(1972) found similar results in his study. He reported that both clones 
had the highest total dry weight at pot nitrogen level of 40 ppm. 
The analysis of variance showed that clone had a significant effect 
on growth rate and proportion of wood elements, regardless of nitrogen 
level. In general, Wisconsin-5 had greater diameter growth, less height 
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growth, slightly longer fibers, a small amount of vessels, and a higher 
percentage of vessels throughout all nitrogen levels. Previous studies 
also indicated that Wisconsin-5 had a higher plant nitrogen concentration 
and higher percent of root protein. Relative to Tristis this clone also 
had a better nitrogen assimilation and growth capacity, however, a lower 
capacity for carbon assimilation. 
The results revealed that the G-layers of G-fibers were thinner at 
the "0" level of nitrogen in both clones. In addition, Wisconsin-5 had 
thicker G-layers for all levels of nitrogen. The thickness of G-layer is 
apparently related to the available nitrate reductase and nitrogen com­
pounds in the plant. Cuttings at the "0" level of nitrogen had a very low 
amount of nitrate reductase; therefore, they produced a lower amount of 
G-fibers with thinner G-layers. 
The results suggested that the development and formation of G-fibers 
were associated with nitrate reductase, plant nitrogen and protein concen­
tration. Generally, higher nitrogen assimilation capacity resulted in 
higher percentages of G-fibers and thicker G-layers. Additional study is 
needed to further explain this phenomenon. 
In summary, this study indicated, that some anatomical changes were 
associated with the application of nitrogen. However, there is no general 
agreement on the precise nature of the changes. This may be due to the 
various species used in the different studies and the various concentra­
tion and combination of nutrient elements usefl. Further studies are 
needed in order to determine how the low levels (below 10 ppm) and high 
levels (above 70 ppm) of nitrogen affect the anatomical features of plants. 
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The results of this study indicated that there was more variation in 
anatomical properties between 0 and 10 ppm of pot nitrogen. Application 
of from 10 to 70 ppm of nitrogen resulted in little fluctuation in the 
anatomical performances. More information needs to be obtained about the 
anatomical features of plants grown under the pot nitrogen level below 
10 ppm and above 70 ppm. Identifying the optimum pot nitrogen level for 
efficiently producing the best quality trees should be the major purpose 
of the future studies of intensive culture system. 
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CONCLUSION 
The main objective of this study was to investigate the effect of 
various nitrogen levels on plant growth and anatomical properties, espe­
cially the formation of tension wood. The following conclusions can be 
drawn: 
(1) There was a significant difference in plant growth and anatomical 
properties between treatments with and without nitrogen. 
(2) Cuttings with "0" level grew very slowly. They had a small stem 
diameter and height growth. Nitrogen application of 10 ppm or more to 
cuttings increased the height and diameter growth tremendously. Wisconsin-
5 had a very constant growth rate for all seven levels of nitrogen (from 
10 ppm ot 70 ppm). 
(3) Both clones had a very large number of vessels at the "0" nitro­
gen level, especially Tristis. 
(4) Cuttings without nitrogen treatment possessed lower percentagèa 
of ray cells and G-fibers and a higher percentage of vessels. 
(5) With the exception of thickness of the G-layer, there were no 
structural differences in G-fibers for various levels of nitrogen treat­
ments. In general, the G-layer was thicker in the nitrogen treated cut^-
Ciugs. 
(6) Fibers were slightly shorter at the "0" nitrogen level than at 
any other levels. 
(7) Except for percentage of ray cells, when the "0" nitrogen level 
was included in the analysis, the results showed that all the other growth 
and anatomical properties (such as height and diameter growth, fiber 
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length, vessel number, the percentages of vessels, total fibers and G-
fibers) varied significantly with clones. Zero nitrogen level had a signif­
icant effect on height, diameter growth, and proportion of wood elements 
but not total fiber percentage. There was no significant nitrogen effect 
on plant growth or anatomical properties of wood among the seven nitrogen 
levels (from 10 ppm to 70 ppm). Therefore, application of nitrogen beyond 
10 ppm is not feasible. 
(8) Canonical analysis illustrated that vessel properties contributed 
the most to the variation due to nitrogen level, while fiber characteris­
tics contributed the most to the variation due to clone. 
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STUDY II. 
THE ANATOMICAL PROPERTIES OF SELECTED POPULUS CLONES 
GROWN UNDER INTENSIVE CULTURE 
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INTRODUCTION 
Economists estimate that by the year 2000, the demands for timber in 
the United States will increase by 80 percent. Therefore, we are not only 
interested in improving the utilization of wood but also increasing the 
quantity and quality of wood produced. 
Forest genetics and tree improvement work became very popular in the 
last ten years. The U.S. Forest Service North Central Forest Experiment 
Station developed a study in 1970 entitled, "Tree Improvement Opportunities 
in North Central States as Related to Economic Trends" (Dawson and Pitcher, 
1970). The purpose of this project is to achieve maximum fiber yield 
through intensive management. 
Intensive culture systems can be developed by applying different 
practices to forest stands. Tree improvement via genetic breeding is one 
of the practices used in this system. The growth habit of the tree and 
quality of the wood can be controlled through the use of genetically 
improved planting stock in regeneration. 
The first step in tree improvement programs is the selection of tree 
species. Adequate genetic information, land site characteristics and the 
current demand and supply situation are the three criteria for selecting 
the tree improvement species. Eleven species have been considered as 
candidates for tree improvement programs in the NorLh Centrai States. They 
are: yellow birch, black walnut, larches, white spruce, black spruce, 
jack pine* shortleaf pine, white pine, scotch pine, red pine, cottonwood, 
and poplar. Within these species poplar is currently one of the most com­
monly used species for tree improvement. 
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Poplar species possess better possibilities for genetic improvement 
than any other tree species and have wide genetic variation for hybridiza­
tion, frequent periodicity and early age flowering. Most poplar species 
start blooming at the age of 5 to 15 years with annual blooming during 
this period. They also have higher species crossbilities and are feasible 
for clonal propagation. Poplar species are able to adapt to a wide range 
of soils and sites thus facilitating establishment. They can grow very 
rapidly within short periods of time and produce large quantities of fibers. 
Therefore, Populus species are highly recommended as a maximum fiber yield 
species for tree improvement in the north central region. 
Several studies have shown that various clones perform differently in 
survival and growing rate. Also the resistance to insects and diseases 
varies from clone to clone. Other properties such as the specific gravity 
and fiber length can also be controlled by genetic improvement and environ­
mental modification. Very little information has been published on the 
anatomical performance (such as the proportion of diiferèuL wood elements) 
of various poplar clones. Published information is particularly scarce 
concerning the amount of gelatinous fibers formed in tension wood of var­
ious clones. 
The main purpose of genetic improvement is to produce clones with 
rapid growth rates, high resistance to insects and disease, ease of estab­
lishment, high survival rate, and possessing good wood quality. The ana­
tomical properties of wood can be used as an index to evaluate wood quality. 
We not only want to increase the quantity, but also improve the quality of 
wood. Therefore, a knowledge of the anatomical properties of hybrid poplar 
clones is very important in tree improvement studies. 
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This study was conducted in cooperation with the U. S. Forest Service 
North Central Forest Experiment Station. The main purpose of this study 
is to evaluate the anatomical characteristics (such as proportion of wood 
elements, fiber length, and the amount of gelatinous fibers) of various 
selected poplar clones and also to study the within-tree variation. Based 
on the anatomical characteristics, it will be possible to decide which 
clones are. superior for intensive culture systems. 
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LITERATURE REVIEW 
Vegetative propagation by means of using cuttings, air-layerings, or 
graftings is one important way to propagate forest trees. It is the most 
useful means for separating and evaluating the relative magnitude of genet­
ic and environmental variances for the population under study (Marton et 
al., 1967). The main role of this propagation is to produce clonal mater­
ials for various purposes. Many studies have shown that several char­
acteristics such as growth rate, wood density, amount of latewood, fiber 
morphology, percentage of heartwood, stem straightness and anatomical 
properties can be inherent from one generation to the next (Mohn and Randall, 
1971; Johnson, 1972). Therefore, the influence of heredity on the proper­
ties of wood has become an increasingly interesting subject in tree breeding 
over the years. Forest tree improvement programs have recently been carried 
on in various parts of the country. 
The goal of these programs is to achieve maximum fiber yield through 
intensive management, genetic control, and various silvicultural practices. 
Hopefully, these measures will result in the development of progeny mater­
ials with characteristics better than either parent. Various poplar 
clones perform differently in their survival and growth rates. Cram (1960) 
planted seventeen poplar clones in south central Saskatchewan prairie 
shelter-belt regions and reported that the survival rate of the clones, six 
years after planting, ranged from 0 to 100 percent. The height growth of 
the surviving clcncs varied from 11 to 25 feet. Seme cf the clones were 
superior to others as exhibited by their higher survival and growth rates, 
rooting ability and resistance to canker and rust diseases. He also con-
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eluded that within the seventeen clones, a natural hybrid of Populus 
deltoides had the highest survival and growth rates. The Crist and Dawson 
(1975) study on anatomy and dry weight yields of two Populus clones con­
cluded that there were significant differences in wood qualities, (such 
as: wood—without pith—specific gravity, fiber length, vessel length, 
percentage of vessel, bark fiber length, percentage of bark fiber and 
intact stem segment specific gravity) between the two Populus clones 
(Populus "Tristis #1" and "Northwest" Poplar). Kennedy and Smith (1959) 
found that two poplar clones (Populus trichocarpa and Populus regenerata), 
grown under different site conditions^ performed differently in height and 
diameter growth, fiber length and specific gravity. Gabriel (1956) 
reported that the specific gravity, the structure of wood rays, fiber 
length and the fiber arrangement in the phloem were significantly differ­
ent between two poplar clones (Populus trichocarpa and Populus deltoides). 
Santamour (1961) found that there was a significant difference in percent­
age of vessel area, vessel size, percentage ot ray area and the percenûagé 
of root bark among poplar clones. Marton et al. (1967) studied three poplar 
hybrids (6 clones) and found that the variation in number of vessels and 
vessel percent were significant among all clones. However, the variation 
was not significant between trees within clone. Walter (1972) indicated 
that the selection and breeding of superior sLralus of poplar clones was 
quite important in intensive cultural practices. Some of the clones have 
greater ability to establish themselves from cuttings or rooted seedlings 
and lower susceptibility to disease than others. Bloomberg (1962a, b) 
reported that the degree of susceptibility to disease was related to the 
stem anatomy. 
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Due to the increasing importance of short rotation hardwood species 
in the pulp and paper industry, many studies have been done on the vari­
ation in fiber length of various Populus clones. Fiber length is one of 
the major factors related to the strength properties of paper. Longer 
fibers provide higher resistance, burst, tensile and folding strengths. 
Thus they are more desirable in pulping. Einspahr et al, (1968) worked 
with several Populus hybrids and reported that the fiber length varied 
from 0.46 to 0.94 mm for various five-year-old hybrid clones. As the 
tree becomes mature, average fiber length increases. For mature (age 30) 
poplar trees, the fiber length ranged from 0.62 to 1.37 mm. 
Conflicting results of recent studies support various opinions 
explaining the relationship between fiber length and growth rate. Kennedy 
(1957) and Swan (1958) showed that the fiber length in cottonwood in­
creased significantly with the rate of growth. Johnson (1942) also proved 
that fibers in fast growth annual rings were longer on the average than 
those in slow growth rings from the same tree. In contrast, Amos ££ al., 
(1950) and Hildebrandt (1960) found that increasing growth rate caused 
decreasing fiber length due to the faster pseudotransverse division thus 
producing more fibers with shorter length. Fogg (1961) and Lamb (1967) 
found in Populus that the fiber length did not vary with the growth rate. 
Some autiiors reported that the variation of fiber length in various 
clones were mainly due to genetic factors. Environment had very little 
effect on fiber length. Kennedy and Smith (1959) concluded that careful 
selection of parent materials could increase the average fiber length by 
ten percent or more. The Marton et al. (1967) study on the influence of 
I l l  
growth rate and clonal effects on wood anatomy and pulping properties of 
hybrid poplars reported that the variation of fiber length between all 
clones was significant. However, the variation between trees within 
clone was not significant. Brown and Valentire (1963) suggested that 
the variation in fiber length in Populus tremuloides clones across the 
radius of the stem was very closely related to the distance from the pith. 
However, the changes in fiber length were not related to the growth rate 
as measured by ring width. The fiber length appeared to be little 
affected by the environment. Most variation was due to genetic differ­
ences . 
Selecting straight stems is another important factor that will improve 
wood quality. Several reports indicate that stem straightness is an 
inherited trait in poplars. Tree breeders must select the clones that 
inherently come from straight stems. The wood from straight and vertical 
stems has ^  more uniform structure than the wood from leaning and crooked 
trees. Stem straightness also influences the quality of paper made from 
poplar species due to the presence of tension wood (Boyce and Kaeiser, 
1964). The occurrence of tension wood is often associated with crooked 
and leaning stems. The amount of G-fibers in tension wood affects the 
specific gravity of wood. This indirectly relates to the paper properties. 
Boyce and Kaeiser (1964) concluded that the high-density tension wood con­
tained thick-walled G-fibers, provided a larger pulp yield but lower 
quality paper. 
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MATERIALS AND METHODS 
Eight clones of poplar, grown in northern Wisconsin under intensive 
management, were used in this study. Clone selection criteria were based 
on rapid growth and strong rust resistance. The percentages and original 
sources for these clones are listed as follows: 
Parentage Clone number Received from 
Populus X euramericana (Dode) 
Guinier cv. 1-214 
Populus tristis Fisch. x. P. 
balsamifera L. cv. Tristis #1 
Populus deltoïdes Bartr. 
Populus X euramericana (Dode) 
Gruiner cv. eugenii 
Populus cv. Betulifolia x P. 
trichocarpa Terr, and Gray 
Populus alba L. x P. grandidentata 
Michx. 
Populus Spp. 
Populus X euramericana (Dode) 
Guiner cv. Wisconsin-5 
4878 
5260 
(Tristis) 
5273 
(144-52') 
5326 
5332 
(NE 268) 
5339 
(Crandon) 
5351 
5377 
(Wisconsin-5) 
Beltsville, Md. 
Indian Head, Sask.^ 
Indian Head, Sask.^ 
L 
Maple, Ontario 
3 Upper Darby, Pa. 
5 
Ames, iowa 
Indian Head, Sask.' 
Ames, lowa^ 
1) USDA Plant Introduction Station, Beltsville, Md. 
2) Wm- Cram, P.F.R.A., Tree Nursery, Canada, Dept. of Agriculture, 
Indian Head, Saskatchewan 
3) Northeastern Forest Fxneriment Station, Upper Darby, Pa, 
4) Research Br., Ontario Div. of Lands and Forests, Maple, Ontario 
5) Forestry Department, Iowa State University, Ames, Iowa 
113 
Two trees were randomly selected from each clone except clones 4878 
and 5332. One tree was used In each of these two clones (clone 4878 and 
5332) due to material shortage. The two trees of each clone were har­
vested individually in the late summer of 1974 and 1975 respectively. 
All clones were taken from the same well-irrigated and fertilized 
plot. The planting densities were 1x3 feet. These trees were planted 
in 1971 from unrooted cuttings. The trees were cut several inches above 
ground level, and the main stems were wrapped tightly and shipped back to 
Ames for processing. 
Height growth through the fourth year was measured for each tree. 
Each stem was cut into four equal length pieces. A cross-sectional disc, 
Ih inches thick, was taken from the mid-section of the first and third 
segments. The north side of the tree was marked on the bark before the 
tree was harvested. After the disc was cut, a line was drawn from pith to 
the north side mark on each disc. Another line was drawn along the radius 
of the disc at the randomly selected angle from the pith-north line. This 
line was then used as the center of the sample. 
A '-à-inch wide diametrical segment was cut parallel to this center 
line. This sampling technique is illustrated in Figure 8. 
The diametrical segments were then cut into small blocks in order to 
obtain the right size loi.' micLôtoming. Wood blocks were fixed in FAA 
(fomaldehyde acetic acid) solution and then embedded in carbowax 1540. 
Permanent glass slides were made from all the wood blocks (the procedure 
was the same as the one used in my first study). Twelve color photomicro­
graphs were taken within each annual ring (six from each side). The 
Figure 8. The diagram shows the location of the sampled discs and diametrical segments across the 
diameter of the disc. Disc A and C were taken from the middle part of the first and the 
third segments respectively 
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location of the photomicrographs is shown as in Figure 9. The photo­
micrographs were then projected by a slide projector onto a 408 dot-grid 
to determine the proportion of the various wood elements. 
Macerated materials were used for measuring the fiber length (the 
procedure for the maceration and fiber length measurement were described 
in my first study). Forty unbroken fibers were selected at random from 
each annual ring (20 from each side). The mean values for these fiber 
lengths were then used as the unit of analysis for these data. 
-Tf-f 
1 / 2 "  
Jl TToT) 
1 - 1 / 2 "  
Figure 9. The diagram shows the location of the photomicrographs within the growth ring. Six 
micrographs were taken froii each side of the annual ring across the full growing 
season 
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RESULTS 
Eight hybrid poplar clones were selected for this study. Two trees 
were involved in each of the six clones while only one tree each was used 
for clones 4878 and 5332. 
Height growth was measured for each tree at the end of the third and 
fourth growing seasons (Table 17). There was considerable variation in 
height growth among the clones. Height growth among clones varied from 
7.0 feet to 19.5 feet at the end of the third growing season and ranged 
from 12.9 feet to 21.9 feet at the end of the fourth growing season. In 
general, clone 5339 had the fastest height growth and clone 5351 the slow­
est. Average height growth at the end of the fourth year for these two 
clones was 21.7 and 14.0 feet respectively (Table 18). 
The main purpose of this study was to detect within-tree variation 
and clonal difference on various growth and anatomical characteristics 
among these selected clones. Growth and anatomical characteristics 
involved ring width, fiber length, number of vessels, and percentages of 
vessels, ray cells, normal fibers, gelatinous fibers and total fibers. 
Due to the lack of replications, clones 4878 and 5332 were excluded in 
the data analysis. The remaining six clones with a sample of two trees 
involved in each clone, were used for data analysis. Samples were taken 
from two different heights with height 1 representing the lower part and 
height 2 representing the upper part of the tree. Tree age was coded 2, 
3, and 4 denoting the wood formed in 1972, 1973, and 1974 respectively. 
Cambial age was coded 1, 2, and 3, with 1 representing the youngest cam­
bial age. 
Table 17. Third and fourth year height growth for individual trees among the eight 
hybrid poplar clones 
Clone 
number 
Tree 
number 
Height grouth 
at the end of 
third year (ft) 
Height growth 
at the end of 
fourth year (ft) 
Difference 
between third and fourth 
year (ft) 
4378 1 11.9 12.8 0.9 
3260 1 11.0 16.2 5.2 
5260 2 13.1 lb.8 3.7 
527.3 1 19.5 21.4 1.9 
5273 2 9.1 14.5 5.4 
5326 1 12.7 15.0 2.3 
5326 2 13.0 17.1 4.1 
5332 1 11.9 17.1 5.2 
5339 1 18.1 21.9 3.8 
5339 2 16.8 21.5 4.7 
5351 1 11.1 15.2 4.1 
5351 2 7.0 12.9 5.9 
5377 1 11.7 15.0 3.3 
5377 2 9.3 13.8 4.5 
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Table 18. Average height growth at the end of the 
third and fourth year for each clone. 
Two trees were involved in each clone 
except clones 4878 and 5332 
Clone 
number 
Height growth 
at the end of 
third year (ft) 
Height growth 
at the end of 
fourth year (ft) 
4878* 11.9 12.8 
5260 12.1 16.5 
5273 14.3 18.0 
5326 12.9 16.1 
5332* 11.9 17.1 
5339 17.5 21.7 
5351 9.0 14.0 
5377 10.5 14.4 
*One tree was Involved. 
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All trees were planted in 1971 from unrooted cuttings. However, 
some had better height and diameter growth than others especially the 
first year. The poor first year's growth might be due to the possibility 
that cuttings were experiencing difficulty becoming established. After 
the first year, normal growth commenced. Because of different amounts 
of height growth, the sample discs taken from different trees at a given 
height may contain different numbers of growth rings although all the 
trees were planted in the same year. Therefore, the tree age may not be 
the same as the cambial age. The tree age refers to the real age of the 
tree and cambial age refers to the ring count (i.e., number of rings) from 
pith to the bark along the radius. This is shown in Figure 10. 
Trees 1 and 2 were planted in 1971. In tree 1, Disc A contained 
four growth rings» The upper number (bold face type) 1, 2, 3, and 4 
represent cambial age 1, 2, 3, and 4 respectively. In this disc, ring 
one formed in the year 1971, ring two formed in 1972, etc. The lower 
number (Roman type) 1, 2, 3, and 4 represent tree age 1, 2, 3, and 4, 
respectively. In tree 2 Disc B contained only three growth rings. The 
cambial age in this disc is designated as 1, 2, and 3. Ring 1 was formed 
in the year 1972, ring 2 in 1973, etc. Therefore, in this case the 
cambial ages 1, 2, and 3 represent tree ages 2, 3, and 4, respectively. 
In tree 2, Disc B dnes not involve the wood which formed in 1971, In this 
study, the ANOVA were conducted into two categories, i.e., based on tree 
age and cambial age. Since height and age are the two main factors 
causing the within-tree variations, data analyses were performed accord­
ingly to different heights and ages. Eight ANOVA were completed for each 
T R E E  1  T R E E  2  
DISK A D I S K  B  A 73 72 
 ^/ <\/ 
o» A. 
Figure 10- The diagram shows the tree age and cand>lal age of the sampled discs. The upper 
(bold face type) and lower numbers (Roman type) in the discs represent the cambial 
age and tree age respectively 
123 
variable. They were based on; 
1) tree ages 2, 3, and 4 at height 1 
2) tree ages 3 and 4 at height 2 
3) tree age 3 at heights 1 and 2 
4) tree age 4 at heights 1 and 2 
5) cambial ages I, 2, and 3 at height 1 
6) cambial ages 1 and 2 at height 2 
7) cambial age 1 at heights 1 and 2 
8) cambial age 2 at heights 1 and 2 
The first four analyses were based on tree ages while the last four 
were based on cambial ages. Analyses 1, 2, 5, and 6 provided the varia­
tion within a given height on different tree ages or cambial ages. These 
showed the effect of tree ages or cambial ages on the anatomical proper­
ties at a given height. Analyses 3, 4, 7, and 8 showed the variation 
V?ithin f given frpe age or cambial age on different heights. These 
illustrate the height effect on the various anatomical properties at a 
given tree age or cambial age. 
The following diagrams (Figure 11) show the diametrical segments of 
the individual trees within clones. These illustrate the cambial ages and 
corresponding tree ages involved in each sampled disc. The second tree of 
each clone (tree 2) was harvested a year later than the first tree. In 
the diagram, the upper number (bold face type) represents cambial age and 
lower number (Roman type) represents real tree age. 
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HEIGHT 1 [fin CD 
HEIGHT 2 H'nn 
CLONE 5260 TREE 1 
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Figure 11. The diagrams show the diametrical segments of individual trees. These illustrate 
the cambial age and tree age of the sampled discs. The upper number (bold face 
type:) represents cambial s.ge and lower number (Roman type) represents tree age 
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Variations Within Height 1 on The Basis of Tree Ages 2, 3, and 4 
Analyses of variance was performed and the results are shown in Table 
19. Clone had a significant effect on percentage of ray cells, normal 
fibers, and G-fibers at the 5 percent and 1 percent levels. Tree age had a 
significant effect on fiber length, number of vessels and ring width at 
the 1 percent level and clone by tree age interaction was also significant 
for ring width at the 5 percent level. The average values of measured 
variables at height 1 (based on tree ages 2, 3, and 4) for eight clones 
were calculated in Table 20. The results for all variables were explained 
in detail as follows. 
Fiber length 
For all clones fiber length increased with tree age (Figure 12). The 
wood formed near the pith had shorter fibers than that further from the 
pith. The analysis of variance (Table 19) showed that fiber length varied 
significantly with tree age for all clones at the 1 percent significance 
level. At tree age two fiber length varied from 0.63 to 0.72 mm and 
ranged from 0.78 mm to 0.92 mm at tree age 4 among all clones. 
Clone had a non-significant effect on the variation of fiber length. 
However, there was a slight difference among the clones. Clone 5351 had 
the longest fibers while clone 5377 possessed the shortest fibers (Figure 
12). The mean values of fiber length at height 1 for all clones are 
litiLeù in Table 20. 
Table 19. The analysis of variance table showing the mean squares for each measured variable. 
Data based on tree ages 2, 3, and 4 at height 1 (Clone 4878 and 5332 were excluded) 
HEIGHT 1 
iSource d.f. 
Fiber 
length 
Number of 
vessels 
Percentage 
of vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
Ring 
width 
Clone 5 175,06 104.07 3128.25 1350.69* 16281.98* 17999.81** 7396.06 861.03 
Error 
(a) 
(Tree/ 
Clone) 6 161.99 374.20 3597.64 154.85 2377.5 1773.68 4885.25 732.06 
Tree Age 2 972.72** 1862.30** 918.81 18.17 2590.86 815.03 798.78 2449.53** 
Clone X 
Tree Age 10 22.79 56.37 893.14 89.71 1761.53 1669.76 675.14 1026.42* 
Error 
(b) 12 28.85 123.53 736.10 102.78 8712.08 11698.89 888.56 264.12 1 
Total 35 124.76 243.89 1623.69 281.41 6371.91 7410.16 2437.24 722.23 
* Significant at: the 5% level. 
** Significant at: the 1% level. 
Table 20. Mean values of measured variables at height 1 for eight clones. Data based on tree 
ages 2, 3, and 4 at height 1 
HEIGHT 1 
Clone 
number 
Fiber 
length 
(mm) 
Number of 
vessels 
Percentage 
of vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
Ring 
width (mm) 
5260 0.78 43.0 23.06 8.27 38.06 30.62 68.68 5.46 
5273 0,78 52.0 28.21 9.28 37.46 25.06 62.52 5.34 
5326 0.82 54.0 28.25 9.44 32.21 30.10 62.31 4.06 
5339 0. 8 6  50.0 26.63 9.28 23.63 40.46 64.09 6.33 
5351 0 . 8 7  48.0 28.13 12.02 32.89 26.97 59.86 6.15 
5377 0.73 45.0 29.58 11.68 31.32 27.42 58.73 7.65 
4878* 0.78 30.0 25.73 7.60 54.20 12.47 66.67 7.05 
5332* 0.82 43.0 26.12 8.29 30.52 35.09 65.60 8.14 
* Represents the clones with only one tree. 
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Variation of fiber length with tree age for each clone. 
Data based on tree ages 2, 3, and 4 at height 1 
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Number of vessels 
The number of vessels decreased from the pith to the bark for all 
clones (Figure 13). Usually the wood near the pith, especially the ring 
adjacent to the pith, had smaller and more numerous vessels than wood 
near the cambium. Generally, clone 5260 had the least number of vessels 
and clone 5326 had the highest number (Table 20 and Figure 13). The 
average number of vessels ranged from 43 to 54 per unit area at height 1 
among all clones. The analysis of variance (Table 19) showed that clone 
had no significant effect on the number of vessels; however, tree age had 
a significant effect at the one percent level. 
Percentage of vessels 
Although tree age affected the number of vessels, it did not affect 
the percentage of vessels significantly. This is due to the fact that 
older wood has larger and less numerous vessels. Therefore, the area 
occupied by vessels does not vary as much as the number of vessels through 
different annual rings at a given height. The percentage of vessels 
decreased slightly from the second growth year to the third year for 
clones 5260, 5339, 5351, and 5377. However, from the third year to the 
fourth year clones 5326 and 5260 showed an increasing trend (Figure 14). 
There was very little clonal variation on percentage of vessels at height 
1. Clone 5260 had the lowest percentage of vessels while clone 5377 had 
the highest percentage. They ranged from 23.06 percent to 29.58 percent. 
However, the clonal effect was not statistically significant (Table 19). 
There was a positive relation between number of vessels and percentage of 
vessels for all clones. On the average, the clones possessing more vessels 
usually had a higher percentage of vessels. 
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Figure 13. Variation in number of vessels with different tree ages for each 
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Figure 14. Variation i.i percentage of vessels with different tree ages for each 
clone. Data based on tree ages 2, 3, and 4 at height 1 
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Percentage of ray cells 
There was very little variation in percentage of ray cells with in­
creasing tree age at height 1. The percentage of ray cells was very uni­
form across the annual rings from the pith to the bark except for clone 
5377 which showed an increasing trend with increasing tree age (Figure 15). 
The clonal effect was significant on the percentage of ray cells at the 
5 percent significance level. The effect was caused mainly by clones 5351 
and 5377. These two clones had a relatively high percentage of ray cells 
and they were significantly different from other clones. Clones 5273, 
5339, and 5326 had very similar percentages of ray cells while clone 5260 
had the lowest percentage of ray cells from age 2 to 4 at height 1 (Figure 
15). The average percentage of ray cells for each clone varied from 8.27 
percent to 12.02 percent. There was very little variation among clones 
5273, 5339, and 5326. Within these three clones, the percentage of ray 
cells was almost constant along the radius. 
Percentage of normal fibers 
There was a large variation in percentage of normal fibers among the 
six clones. Table 19 shows' that the clonal effect was significant on 
the percentage of normal fibers at the 5 percent level. Clone 5339 had an 
extremely low percentage of normal fibers at height 1. It was significant­
ly different from the remaining clones. Clones 5260 and 5273 hau a 
relatively high percentage of normal fibers. The normal fiber percentage 
ranged from 23-63 percent to 38.06 percent among clones. The variation in 
normal fiber percentage with tree age among all clones followed three 
patterns (Figure 16). Clones 5273 and 5326 had very similar patterns from 
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Figure 15. Variation in percentage of ray cells with different tree ages for each 
clone. Data based on tree ages 2, 3, and 4 at height 1 
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Figure 16. Variation iia percentage of normal fibers with different tree ages for 
each clone. Data based on tree ages 2, 3, and 4 at height 1 
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age 2 to 4. In these two clones, the normal fiber percentage decreased 
rapidly from tree age 2 to age 3, then increased again. In clones 5260 
and 5339 the percentage of normal fibers increased slightly from tree age 
2 to 3, then dropped off very little from age 3 to age 4. Clones 5351 and 
5377 showed an increase in normal fibers with increasing tree age. Tree 
age had an effect on the normal fiber percentage but was not statistically 
significant at the 10 percent significance level. 
Percentage of G-fibers 
Tension wood formation is often associated with lean of the tree. 
The degree and direction of lean of these selected trees are listed in 
the following table (Table 21). 
Table 21. Degree and direction of lean for individual trees within six 
clones. 
Tree number Direction of lean Degree of lean 
5260 1 Straight 0° 
5260 2 North 10° 
5273 1 Straight 0° 
5273 2 East 5° 
5326 1 Straight 0° 
5326 2 Northeast 10° 
5339 1 Straight 0° 
5339 2 Southwest 15° 
5351 1 South 5° 
5351 2 South 10° 
5377 1 Straight 0° 
5377 2 Northeast 10° 
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The variation in the percentage of gelatinous fibers had an opposite 
trend to that exhibited by normal fibers for each clone. This is due to 
the higher percentage of normal fibers resulting in a lower percentage of 
gelatinous fibers. The clones with lower percentage of normal fibers had 
a higher percentage of gelatinous fibers. Percentage of gelatinous fibers 
varied significantly with the clones at the one percent significance level 
(Table 19). Clone 5339 had an extremely high percentage of gelatinous 
fibers while clones 5273 and 5351 had a relatively low percentage (Figure 
17). The high percentage of gelatinous fibers in clone 5339 might be 
associated with the large angle of lean of the trees and the fast growth 
rate. The variation in percentage of G-fibers had no definite trend 
associated with tree age (Figure 17). Some years may develop a higher 
amount of G-fibers in certain clones while other years may have an opposite 
effect. The average amount of G-fibers ranged from 25.06% to 40.46% among 
all clones at height 1. 
Percentage of total fibers 
The combination of normal fibers and gelatinous fibers is termed 
total fibers. Clone and tree age had no significant effect on the amount 
of total fibers (Table 19 and Figure 18). The percentage of total fibers 
among six clones for height 1 ranged from 58.73 percent to 68.68 percent. 
At tree age 2, the amount of total fibers fell into three groups. Clone 
5260 had the highest amount of total fibers, clones 5351 and 5377 had the 
lowest percentage of total fibers, and clones 5339, 5273, and 5326 fell in 
between. As tree age increased, variation in percentage of total fibers 
decreased among the clones. The overall average percentage of total fibers 
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and G-fibers among clones in height 1 had similar patterns. Clones 
with a higher percentage of G-fibers usually had a higher percentage of 
total fibers. There was a negative relation between the percentage of 
vessels and total fibers for each clone. Clones with a higher percentage 
of vessels were associated with lower percentage of total fibers. Most 
clones with longer fibers usually possessed lower percentages of total 
fibers. This was expected because the faster pseudotransverse division 
produces more short fibers (Table 20). The percentage of total fibers 
exhibited a negative relationship with the percentage of ray cells. 
Ring width 
The width of the growth ring indicates the growth rate of the tree. 
Wider growth rings represent faster growth rates. At height 1 the ring 
width varied irregularly with tree age among all clones (Figure 19). 
Clones 5351 and 5377 had particularly fast growth rates following the 
second growing season. The average ring width from age 2 to 4 at height 
1 ranged from 4.06 to 7.65 mm. Tree age had a significant effect on ring 
width variation (Table 19). Ring width was smallest at age two (age 1 was 
excluded) for all clones except clone 5273. The majority of clones had 
relatively fast growth rates in the third growing season. This may be due 
to the favorable environmental conditions through the third growing year. 
Ring width ranged from 2.55 mm to 5.90 mm for age 2, 4.53 mm to 10.3 mm 
for age 3 and 4.67 mm to 10.6 mm for age 4. The clone and tree age inter­
action effect was significant for ring width at the five percent level 
(Table 19). This simply means the two factors, tree age and clones, are 
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Figure 19. Variation in ring width with tree age for each clone. Data based on 
tree ages 2, ;i, and 4 at height 1 
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not independent. The response with respect to ring width from one clone 
to another was significantly different over various tree ages. There was 
no definite relationship between fiber length and ring width. 
Variations Within Height 2 on the Basis of Tree Ages 3 and 4 
Data were obtained from the last two growth rings (i.e., tree ages 3 
and 4) at height 2 and used for the analysis of variance. The ANOVA were 
conducted for each measured variable (Table 22). Results showed that clone 
had a significant effect on percentage of G-fibers at the 10 percent signif­
icance level and tree age had a significant effect on fiber length, number 
of vessels, and ring width. The details are described as follows. 
Fiber length 
Fiber length increased significantly at the one percent level with 
tree age for all clones (Figure 20). The increasing rate was very uniform. 
Other factors such as clone and clone by tree age interaction had no 
significant effect on fiber length. These results correspond with the 
results obtained from height 1. Among all clones, clone 5351 possessed the 
longest fibers and clone 537? had the shortest fibers. These two clones 
showed the same behavior at height 1. The average fiber length among clones 
is listed in table 23. Fibers at height: 2 were 10 percent shorter than 
fibers at height 1. Average fiber length ranged from 0.63 mm to 0.79 mm 
among the six clones. 
Table 22. Analysis of variance table shoving mean squares for each of the measured variables. Data 
based on tree ages 3 and 4 at height 2 
HEIGHT 2 
Source d.f. 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
cells 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
Ring 
width 
Clone 5 115.02  266.39  7325.27  585.54  8879.02  10716.28*** 1437.37  
186.30  
! 
Error 
(a)  
(tree/ 
clone) 6 232.91  660.76  2745.92  925.85  6097.36  3008.07  5060.88  
i 
273 .60  i 
jTree  
age 1 1169.01** 2784.26* 2053.50  532.04  173.34  3048.76  4676.04  
1872.67% 
Clone 
tree 
age 5 14 .39  307.66  1915.70  126.12  8470.07  6777.41  
2337.69  971.96  
Error 
(b) 
Total 1 23  
60 .  91  
155 .60  
427.39  
547.10  
1271.75  
3146.28  
144.15  
456.97  
1961.27  
8470.07  
4159.84  
6777.41  
2074.13  
5059.19  
846.88  
6264.63  1 
* Significant at the 5% level. 
** Significant at the 1% level. 
*** Significant at the 10% level. 
Table 23. Mean values of measured variables in height 2 for each clone. 
HEIGHT 2 
f 
Clone 
number 
Fiber 
length 
(mm) 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
f ibers 
Ring Width 
(mm) 
5260 0.69 48 23.01 8.60 30.78 37.61 68.39 4.08 
5273 0.66 69 31.20 11.51 31.05 26.24 57.29 3.53 
5326 0.72 51 28.16 9.16 32.70 29.98 62.68 3.90 
5339 0.71 56 25.24 10.03 26.24 38.50 65.74 4.79 
5351 0.79 48 33.26 10.88 19.81 36.05 55.86 4.88 
5377 0.63 59 33.22 11.43 26.64 28.71 55.35 5.31 
4878* Ci. 66 35 23.23 7.30 57.03 12.45 69.48 5.45 
5332* 0.77 52 28.63 6.95 
00 o
 
CO 
21.35 64.43 6.60 
*Aver£ige of one tree in each clone. Remaining clones averaged of two trees. 
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Figure 20. Variation In fiber length with tree Figure 21. 
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based on the average of two trees 
of each clone at tree ages 3 and 
4 within height 2 
Variation in number of vessels with 
tree age among six clones. Data based 
on the average of two trees of each 
clone at tree ages 3 and 4 within height 
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Number of vessels 
The number of vessels varied significantly at the five percent 
significance level with tree age (Table 22). Figure 21 shows that the 
numbers of vessels decreased with tree age except clone 5351 which had a 
reverse trend. This may be due to the extremely fast height growth during 
the third growing season in clone 5351. Therefore, the sample taken from 
height 2 of clone 5351 contained less numerous and larger vessels within 
age 3. Among clones, number of vessels ranged from 48 to 69 per unit area. 
This shows that the upper part of the tree contains more vessels than the 
lower part of the tree. There was some clonal variation among the six 
clones; however, it was not significant. In general, clone 5273 had the 
largest number of vessels while clones 5260 and 5351 had a relatlvley small 
number of vessels. 
Percentage of vessels 
Percentage of vessels decreased with increasing tree age for all 
clones except clone 5351 (Figure 22). This was caused by the large number 
of vessels in tree age 4 of clone 5351. Neither clone nor tree age had 
a significant effect on percentage of vessels (Table 22). Averaging over 
two ages, clone 5260 had the lowest percentage of vessels and clone 5351 
had the highest percentage of vessels. Average percentage of vessels varied 
from 23.0 percent to 33.26 percent among the six clones. Data showed that 
wood formed at the upper part of the tree contains higher percentage of 
vessels within a given annual increment. Clone 3260 was significantly 
different from clones 5351 and 5377. 
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Percentage of ray cells 
There was very little clonal or tree age effect on the percentage of 
ray cells (Figure 23), Clone 5260 had the lowest percentage of ray cells 
at both heights 1 and 2. Clone 5273 had the highest percentage of ray 
cells at height 2, The average percentage of ray cells varied from 8.60 
percent to 11.51 percent among the six clones. The analysis indicates that 
percentage of ray cells slightly decreased with increasing tree age. How­
ever, the variation due to age or clone was too small to be significant at 
the 10 percent level. 
Percentage of normal fibers 
The percentage of normal fibers increased with tree age at height 2 
for four clones. In clones 5326 and 5339, the percentage of normal fibers 
decreased as the tree age increased. Clones 5273 and 5260 had similar 
amounts of normal fibers for both ages. There was little relationship 
between the percentage of normal fibers and the heights within a given tree 
age for individual clones (Figure 24). For example, clone 5339 had the low­
est percentage of normal fibers at height 1 while clone 5351 had the lowest 
percentage of normal fibers at height 2. Average percentage of normal 
fibers ranged from 19.81 percent to 32.70 percent. On the average, clone 
5351 had the lowest percentage of normal fibers and clone 5326 the highest 
percentage, especially in tree age 3. 
Percentage of gelatinous fibers 
As tree age increased, percentage of gelatinous fibers increased 
(Figure 25) for all clones except clone 5351. The variation in percentage 
in G-fibers with tree ages for all clones showed completely different 
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patterns from observations at height 1. There was no relation between 
percentage of G-fibers and heights within a given tree age. Percentage 
of G-fibers ranged from 26.24 percent to 38.50 percent among the six 
clones. Clone 5273 possessed the lowest amount of G-fibers while clone 
5339 had the highest (Table 23). ANOVA table showed that clonal effect 
was significant and tree age effect was nonsignificant on the percentage 
of G-fibers at the ten percent level. The ten percent significance level 
was chosen due to the small sample size in this experiment. Clone 5273 
was significantly different from clones 5339 and 5260 in percentage of 
G-fibers. 
Percentage of total fibers 
Older wood contains a higher percentage of total fibers than early 
formed wood for all clones except clone 5351. Clone 5260 had the highest 
percentage of total fibers while clone 5377 had the lowest percentage 
(Figure 26). Average values ranged from 55.35 percent to 68.39 percent. 
As the height Increased, clonal variation on the percentage of total fibers 
also increased. Neither clone nor tree age affected the percentage of 
total fibers significantly at the ten percent level. 
Ring width 
Ring width is related both to the growth rate and the location of 
samples. It decreased with increasing height within a given tree age. 
There was more uniform variation in ring width with tree age at the upper 
part of the tree than at the lower part (Figure 19 and Figure 27). Ring 
width increased with tree age significantly (five percent level) for all 
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clones. This was expected; especially at height 2 where there were only 
two growth rings involved. The samples taken from the upper part of the 
tree were near the end of the third year height growth. Therefore, the 
ring width was narrower at age 3. Clone 5273 showed the narrowest ring 
width among all clones. Clone 5377 had an extremely wide annual ring at 
the fourth year. 
Variations Within Tree Age 4 on The Basis of Height 1 and 2 
In order to test the height, clone and height by clone interaction 
effects, the additional analysis were completed based on two heights within 
a given tree age. Within tree age 4, the ANOVA showed that clone had a 
significant effect on percentages of vessels, ray cells, G-fibers, total 
fibers at the five percent significance level. In addition, ring width 
was also significantly affected by clone at the five percent level. 
Height had significant effect on fiber length, number of vessels, ring 
width, and percentage of ray cells at Che one percent level for the first 
three variables and at the ten percent significance level for the last 
variable. Also, the clone by height interaction effect was significant 
on number of vessels, percentage of total fibers, ring width and percentage 
of vessels (Table 24). Average values of each individual measured vari­
ables for ail clones are shown in Table 25. The uêLàllêu results are 
described as follows. 
Table 24. Analysis of variance showing tiean squares for each measured variable. Data were 
based on tree age 4 at height» 1 and 2. 
TREE AGE 4 
Source d. f. 
1' 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage] 
of total j Ring 
fibers | width 
Clone 5 155.25 112.43 2630.1)4* 978.04* 8473.14 12669.77* 5771,99* 1456.44* 
Error 
(a) 
(tree/ 
clone) 6 71.40 77.65 429.16 124.19 4502.78 2203.60 807.70 317.91 
Height 1 782.04** 322.67** 1641.76 63.38*** 22478.76*** 13776.04 1060.01 
1 
1239.84** 
Clone : 
X 
height 5 17..82 74.69* 2601.64*** 83.45 2214.44 1519.62 2342.34* 415.12* 
1 
Error 
(b)  6 4.98 9.06 678.86 133.65 5876.57 7940.73 
i  
; 453.70 ' 57.70 
Total 23 91.55 77.33 1498.14 300.78 6008.38 6329.95 2139.13 
I  
558.75 
* Significant at the 5% level. 
** Significant at the 1% level. 
*** Significant at the 10% level. 
Table 25. Average values of individual variables among clones within tree age 4. Data based on 
heights 1 and 2 within tree age 4. 
TREE AGE 4 
1 
Clone 
number 
Fiber 
length 
1 
Number 
of vessels 
Percentage 
of 
1 vessels 
1 
; Percentage 
j of 
' ray cells 
Percentage 
of normal 
f ibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
' 
Ring Width 
5260 0.82 38 23.19 7.99 1 35.35 33.48 68.83 4.69 
5273 0.79 46 28.40 10.10 36.84 24.66 61.50 4.63 
5326 0.83 48 29.03 9.09 31.25 30.64 61.89 4.21 
5339 0.84 40 25.24 9.05 24.26 41.45 65.71 5.85 
5351 0.93 39 30.01 11.43 28.24 30.33 58.56 7.99 
5377 0.74 34 27.73 12.10 31.25 
i 
28.93 60.18 8.73 
4878* 0.76 28 26.00 7.45 50.60 1 
i  
15.95 66.55 6.58 
5332* 0.87 40 30.15 7.18 
! 
41.08 j 
1 
21.60 62.68 6.23 
i  
1 
*Averag£: of one tree in each clone. Other values were based on an average of two trees in each 
clone. 
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Fiber length 
It was found that for all clones, fiber length decreased with in­
creasing height (Figure 28). Height had a significant effect on fiber 
length at the one percent level. Clone had some effect on the variation 
of fiber length, however, it was not significant (Table 24). Clone 5351 
had the longest fibers while clone 5377 had the shortest fibers among all 
clones. The remaining four clones had very similar fiber length (Figure 
28). Average fiber length ranged from 0.74 mm to 0.93 mm. 
Number of vessels 
Number of vessels increased slightly from height 1 to height 2 
except clone 5351. This clone had a very rapid increase in number of 
vessels from height 1 to height 2. The height showed a significant effect 
on the number of vessels ât the one percent level. This height effect was 
mainly due to the large variation in clone 5351. Clone and height inter­
action was significant on the number of vessels. Among the six clones, 
5326 possessed the highest number of vessels and 5377 had the lowest 
number of vessels (Figure 29). Average number of vessels within tree age 
4 varied from 34 to 40 per unit area among the six clones. 
Percentage of vessels 
Clone had a significant affect on the percentage of vessels within 
tree age 4. This clonal effect was primarily due to clones 5351 and 5260. 
Clone 5351 showed an extremely high percentage of vessels at height 2 while 
clone 5260 had the lowest percentages. The clonal difference was signifi­
cant among clones 5260, 5351, and 5326. In addition, clone and height 
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Interaction was significant on the percentage of vessels at the ten percent 
significance level (Table 24). There was more clonal variation in percent­
age of vessels at the upper part of the tree than at the lower part. 
Average percentage of vessels among clones ranged from 23.19 percent to 
30.01 percent. 
Percentage of ray cells 
Clone and height had a significant effect on the percentage of ray 
cells (Table 24). Average percentage of ray cells among clones ranged 
from 7.99 percent to 12.10 percent. Clone 5260 had the lowest percentage 
of ray cells while 5377 had the highest percentage. Ray cell percentage 
varied with height significantly; however, there was no uniform trends 
among clones. In clones 5377, 5351, and 5339 the percentage of ray cells 
decreased with increasing height while clones 5351, 5326, and 5260 showed 
a reverse effect (Figure 31). Clone 5377 was significantly different from 
clones 5273, 5326, 5339, and 5260 in percentage of ray cells. 
Percentage of normal fibers 
Neither clone nor height had any significant effect on the percentage 
of normal fibers (Table 24). However, the wood formed on the upper part 
of the tree had a lower percentage of normal fibers. This was due to 
greater juvenile wood funaaLion at the upper part of the tree. Clones 5260 
and 5273 had a very high percentage of normal fibers while 5339 had a very 
low percentage especially at height 1 (Figure 32). On the average, clonal 
variation in normal fibers varied from 24.26 percent to 36.84 percent. 
There was a significant difference between clones 5273 and 5339. 
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Percentage of G-fibers 
Within tree age 4, clonal effect was significant on the percentage of 
G-fibers (Table 24). Among the six clones, the percentage of G-fibers 
ranged from 24.66 percent to 41.45 percent. Clone 5339 had the highest 
percentage of G-fibers while 5273 had the lowest percentage. These two 
clones were significantly different in percentage of G-fibers. The per­
centage of G-fibers of the remaining four clones were scattered throughout 
the rankings (Figure 33). Within a given tree age, the percentage of G-
fibers increased with height; the upper part of the tree had a higher 
percentage of G-fibers due to a higher density of juvenile wood. 
Percentage of total fibers 
In tree age 4, the clonal effect was significant on the percentage of 
total fibers at the five percent significance level. Clone 5260 had the 
highest percentage of total fibers while 5351 had the lowest percentage. 
Clone STS1 had an extremely low percentage of total fibers at the upper 
part of the tree (Figure 34). There was more clonal variation on the per­
centage of total fibers at the upper part of the tree. Clones 5326, 5273, 
and 5377 possessed similar percentages of total fibers. The clone and 
height interaction effect was also significant on the percentage of total 
fibers. Percentage of total fibers varied from 58.56 percent to 68.83 
percent. 
Ring width 
Clone, height, and clone by height interaction effects significantly 
affected ring width. Ring width of age 4 among the six clones ranged from 
4.21 mm to 8.73 mm. Clones 5351 and 5377 had extremely wide rings at 
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height 1. The ring width dropped off very rapidly at height 2. Clone and 
height effects were caused by clones 5351 and 5377. The remaining clones 
had relatively uniform variation throughout different heights. There was 
no significant clonal variation among clones 5339, 5260, 5273, and 5326. 
Clones 5351 and 5377 had very large diameter growth during the fourth 
growing season (Figure 35). 
Variations Within Tree Age 3 on The Basis of Heights 1 and 2 
The ANOVA were performed in order to test clone, height, clone by 
height interaction effects within tree age 3. The results showed that 
clone had a significant effect on the percentage of G-fibers at the five 
percent level; and height had a significant effect on fiber length, number 
of vessels, ring width at the one percent level and significant effect on 
percentage of vessels and total fibers at the ten percent level (Table 26). 
The average valuea of each measured variable for all clones are listed in 
Table 27. The details are described as follows. 
Fiber length 
Clone had a non-significant effect on fiber length. However, clone 
5351 had the longest fibers while clone 5377 had the shortest (Figure 36). 
Average fiber length ranged from 0.70 nsn to G.3Q iiffii among all clones. The 
fiber length in tree age 3 varied with height significantly at the one per­
cent level. Fiber length decreased with Increasing height for all clones. 
The rate of decrease was very uniform throughout the heights among all 
clones. 
Table 26. Analysis of variance showing mean squares for each measured variable. Data based on 
tree age 3 at heights 1 and 2. 
TREE AGE 3 
Source d.f. 
Fiber 
length 
! 
Number 
of vessels 
Percentage 
ol; 
vessels 
! Percentage 
of 
i  ray cells 
! Percentage 
of normal 
fibers 
! Percentage 
!  o f  
j  G-fibers 
Percentagd 
of total Ring 
fibers width 
Clone 5 91.91 282.44 5810.07 515.09 5447.20 
i  
: 8873.64* 9462.79 412.54 
Error 
!  
i  
(a) 
(tree/ • 
clone) 6 247.97 787.61 
i 
5019.77 588.68 6636.63 1420.28 7414.78 605.61 
Height 1 2430.09»* 2081.34** 4187.04*** 446.34 j  11881.50 536.76 7367.51*** 5566.26** 
Clone 
1  
i 
' 
height 5 11.29 
! 
347.97 992.92 266.54 7468.30 7757.19 1323.04 ; 552.99 
Error t 
(b) 6 54.59 346.78 1061. £;i 344.68 9619.96 8047.03 1776.03 198.70 
Total j 
i  
23 207.02 523.47 ! 
1  
3247.Z5 432.81 7565.15 6108.47 5062.67 661.73 
* Significant a I: the 5% level. 
** Significant at: the 1% level, 
*** Significant ai: the 10% level. 
Table 27. Average values of individual variables among clones within tree age 3. Data based on 
tree age 3 at heights 1 and 2 
TREE AGE 3 
Clone 
number 
Fiber 
length 
! 
! 
; Number 
! of vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
i of 
G-fibers 
Percentage] 
of total j 
fibers j Ring width 
5260 0.70 
t 
i  
' 49 22.99 8.65 34.63 33.74 
i 
! 
68.36 1 5. 28 
5273 0.71 69 30.95 10.88 31.09 27.09 
1 
58.18 ! 3.96 
5326 0. 73 53 27.93 9.35 32.55 30.18 
1 
62.73 j 4.06 
5339 0.77 60 25.88 10.18 25.69 38.26 63.95 5.48 
5351 0. 80 47 30.46 11.20 25.49 32.85 58.34 i 4.84 
5377 0.67 62 33.52 
1 11.59 29.51 25.38 54.89 1 6.70 
4878* 0.74 35 
1 
24.10 6.98 i 56.88 12.05 68.93 : 7.20 
5332* 0.77 49 26.00 ' 
i 
i 
8.20 i 
... .... . „ - -i 
29.58 36.23 65.08 
1  
9.33 
*Average of one tree in each clone. Remaining figures based on average of two trees per clone. 
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Figure 36. Clonal variation In fiber length 
with height in tree age 3. Data 
based on heights 1 and 2 of tree 
age 3 
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Figure 37. Clonal variation in number of 
vessels with height in tree age 
3. Data based on heights 1 and 
2 of tree age 3 
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Number of vessels 
Number of vessels varied with height significantly at the one percent 
significance level (Table 26), The lower part of the tree had a fewer 
number of vessels than the upper part. Clones 5273 and 5377 had an ex­
tremely large number of vessels at height 2 (Figure 37). Clone 5321 showed 
a different and unusual variational pattern in number of vessels from the 
other clones. Generally within a given age, the upper part of trees has 
more numerous and smaller size vessels than the lower part. On the aver­
age, clone 5273 had the highest number of vessels while 5351 had the low­
est number. The number of vessels ranged from 47 to 69 per unit area 
among clones. 
Percentage of vessels 
Height had a significant effect on the percentage of vessels at the 
ten percent significance level in tree age 3. Percentage of vessels in­
creased vith height vithin a. given gnnnal ring. The lower part of the 
tree contained a lower percentage of vessels. Clonal variation was non­
significant among the six clones. However, there was a large difference 
in percentage of vessels between clones 5377 and 5260. Clone 5377 
possessed the highest percentage of vessels while 5260 had the lowest 
percentage (Figure 38). Average percentage of vessels ranged from 22.99 
percent to 33.52 percent. 
Percentage of ray cells 
Neither clone nor height had a significant effect on the percentage 
of ray cells within tree age 3. In clones 5351 and 5326, the percentage 
of ray cells slightly decreased with the height. In the remaining clones. 
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Figure 38. Clonal variation in percentage of 
vessels with height in tree age 3. 
Data bawed on heights 1 and 2 of 
tree age 3 
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Figure 39. Clonal variation In percentage of 
ray cells with height In tree age 
3. Data based on heights 1 and 2 
of tree age 3 
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the percentage of ray cells increased with the height (Figure 39). 
Average percentage of ray cells varied from 8.65 percent to 11.59 per­
cent among the six clones. Clone 5260 had the lowest percentage of 
vessels while clone 5377 had a relatively high percentage of ray cells. 
Percentage of normal fibers 
Percentage of normal fibers varied significantly with height in tree 
age 3 among the six clones. Clones 5273, 5377, and 5351 had a very similar 
percentage of normal fibers at height 1; however, there was a large varia­
tion in percentage of normal fibers at height 2. Clone 5351 had an 
extremely low percentage of normal fibers at the upper part of the tree, 
and 5260 contrastingly had an extremely high percentage of normal fibers 
at the lower part of the tree (Figure 40). Neither clone nor height had 
a significant effect on the percentage of normal fibers. On the average, 
clone 5260 had the highest percentage of normal fibers; and 5351 had the 
lowest nerrentage. Percentage of normal fibers varied from 25.49 percent 
to 34.63 percent among all clones. 
Percentage of G-f ibers 
The percentage of G-fibers in tree age 3 varied widely among clones. 
Clone had a significant effect on the percentage of G-fibers. The clonal 
effect reused by cloncs 5339 and 5377. Average percentage of G-fibers 
varied from 25.38 percent to 38.26 percent among the six clones. There 
was no ddcinite paLLetu in the variation of percentage of G fibers with 
height among clones (Figure 41). Clone 5351 had a very large variation in 
percentage of G-fibers at different heights while 5377 had very little 
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Figure 40. Clonal variation In percentage of 
norma], fibers with height in tree 
age 3. Data based on heights 1 
and 2 of tree age 3 
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Figure 41. Clonal variation in percentage of 
G-flbers with height in tree age 3. 
Data based on heights 1 and 2 of 
tree age 3 
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variation. There was a significant difference In percentage of G-flbers 
between clones 5339 and 5377 at the five percent significance level. 
Clones 5339, 5260, and 5351 were significantly different from the remain­
ing three clones at the five percent level. 
Percentage of total fibers 
Height had a significant effect on the percentage of total fibers at 
the one percent significance level. Total fiber percentage decreased 
with increasing height within tree age 3. Clone had an effect on the 
percentage of total fibers; however, it was not statistically significant. 
There was a large variation in percentage of total fibers between clones 
5260 and 5377. Clone 5260 had the highest percentage of total fibers 
while 5377 had the lowest percentage (Figure 42). Clonal variation 
ranged from 54.89 percent to 68.36 percent. 
Ring width 
Ring width varied significantly with height in age 3 at the one per­
cent level. Clone 5377 showed a large difference in ring width between 
the t^70 heights. Ring width decreased with height within a given tree 
age. Clone 5377 had an extremely wide ring at height 1. Clone 5273 had 
the narrowest ring out of the six clones. The average ring width varied 
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Figure 43. Clonal variation in ring width with 
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Duncan's new multiple-range test was used to make comparisons among 
all clone means for heights 1 and 2 and ages 4 and 3 individually. This 
test permits the identification of significantly different clones whereas 
the F-test doesn^t provide this capability. 
The results of the test for individual variables are summarized as in 
the following tables (Tables 28, 29, 30, and 31). The means were in de-
acoiding order from the largest to the smallest. 
The following four tables indicate that the older wood exhibited 
greater clonal variation for the various anatomical properties. For exam­
ple, clonal variation was significant only in the percentage of G-fibers 
within tree age 3. However, there was a significant difference in fiber 
length, percentage of vessels, ray cells, G-fibers, normal fibers, total 
fibers, and ring width among some clones within tree age 4. The results 
also illustrate that clone 5273 possessed very similar anatomical char­
acteristics as clone 5326. There was no significant difference in any 
measured variables between these two clones. 
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Table 28. Duncan's new multiple range test for significant differences 
in measured variables for height 1. Any two means not next 
to a common line are significantly different at the five 
percent level 
HEIGHT 1 
(Based on Tree Ages 2, 3, and 4) 
Fiber length Number of vessels 
Percentage 
of vessels 
Percentage 
of ray cells 
Means 
(mm) 
Clone 
number Means 
Clone 
number 
Means 
(%) 
Clone 
number 
Means 
(%) 
Clone 
number 
0.87 5351 54 5326 29.58 5377 12.02 5351 
0.86 5339 52 5273 28.25 5326 11.68 5377 
0.82 5326 50 5339 28.20 5273 9.44 5326 
0.78 5273 48 5351 28.13 5351 9.28 5339 
0.78 5260 45 5377 26.63 5339 9.27 3273 
0.73 5377 43 5260 23.06 5260 8.27 5260 
Percentage of 
normal fibers 
Percentage of 
G-f ibers 
Percentage of 
total fibers Ring width 
Means 
(%) 
Clone 
number 
Means 
(%) 
Clone 
number 
Means 
(%) 
Clone 
number 
Means 
(mm) 
Clone 
number 
38.06 5260 40.46 5339 68.68 5260 7.65 5377 
37.46 5273 30.62 5260 64.09 5339 6.33 5339 
32.89 5351 30.10 5326 62.52 5273 6.15 5351 
32.21 5326 27.42 5377 62.31 5326 5.46 5260 
31.32 5377 26.97 5351 59.86 5351 5.34 5273 
23.63 5339 25.06 5273 58.73 5377 4.06 5326 
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Table 29. Duncan's new multiple range test for significant differences 
in measured variables for height 2. Any two means not next 
to a common line are significantly different at the five 
percent level 
HEIGHT 2 
(Based on Tree Ages 3 and 4) 
Fiber length Number of vessels 
Percentage 
of vessels 
Percentage 
of ray cells 
Means Clone Clone Means Clone Means Clone 
(mm) number Means number (%) number (%) number 
0.79 5351 69 5273 33.26 5351 11.51 5273 
0.72 5326 59 5377 33.23 5377 11.42 5377 
0.71 5339 56 5339 31.20 5273 10.88 5351 
0.69 5260 51 5326 28.16 5326 10.02 5339 
0.66 5273 48 5260 . 25.24 5339 9.16 5326 
0.63 5377 47 5351 23.01 5260 8.60 5260 
Percentage of Percentage of Percentage of 
f a-fibers total fibers Ring width 
Means Clone Means Clone Means Clone Means Clone 
(%) number (%) number (%) number (mm) number 
32.70 5326 38.50 5339 68.39 5260 5.31 5377 
31.05 5273 37.61 5260 64.74 5339 4.88 5351 
30.78 5260 36.05 5351 62.68 5326 4.79 5339 
26.64 5377 29.9^ 5326 57.29 5273 4.08 5260 
26.24 5339 28.71 5377 55.86 5351 3.90 5326 
19.81 5351 26.24 5273 55.35 5377 3.53 5273 
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Table 30. Duncan's new multiple range test for significant differences 
in measured variables for tree age 4, Any two means not next 
to a common line are significantly different at the five 
percent level 
TREE AGE 4 
(Based on Heights 1 and 2) 
Fiber length Number of vessels 
Percentage 
of vessels 
Percentage 
of ray cells ^ 
Means Clone Clone Means Clone Means Clone 
(mm) number Means number (%) number (%) number 
0.93 5351 48 5326 30.01 5351 12.10 5377 
0.84 5339 46 5273 29.03 5326 11.42 5351 
0.83 5326 40 5339 28.40 5273 10.10 5273 
0.82 5260 39 5351 27.73 5377 9.09 5326 
0.79 5273 38 5260 25.24 5339 9.05 5339 
0.74 5377 34 5377 23.19 5260 7.99 5260 
1 
Percentage of 
normal fibers 
Percentage of 
G-fibers 
Percentage of 
total fibers Ring width 
Means 
(&) 
Clone 
number 
Means 
(%) 
Clone 
nuniu^jr 
Means 
tv\ \m/ 
Clone Means Clone 
nijmKpr 
36.84 5273 41.45 5339 68.83 5260 8.73 5377 
35.35 5260 33.48 5260 65.71 5339 7.99 5351 
31.25 5326 30.64 5326 61.89 5326 5.85 5339 
31.25 5377 30.33 5351 61.50 5273 4.69 5260 
28.24 5351 28.93 5377 60.18 5377 4.63 5273 
24.26 
1 
5339 24.66 5273 58.56 5351 4.21 5326 
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Table 31. Duncan's new multiple range test for significant differences 
in measured variables for tree age 3. Any two means not next 
to a common line are significantly different at the five 
percent level. 
TREE AGE 3 
(Based on Heights 1 and 2) 
Fiber length Number of vessels 
Percentage 
of vessels 
Percentage 
of ray cells 
Means Clone Clone Means Clone Means Clone 
(mm) number Means number (%) number (%) number 
0.80 5351 69 5273 33.53 5377 11.59 5377 
0.77 5339 62 5377 30.95 5273 11.20 5351 
0.73 5326 60 5339 30.46 5351 10.88 5273 
0.71 5273 53 5326 27.93 5326 10.18 5339 
0.70 5260 49 5260 25.88 5339 9.35 5326 
0.67 5377 47 5351 22.99 5260 8.65 5260 
Percentage of 
normal fibers 
Percentage of 
G-fibers 
Percentage of 
total fibers Ring width 
ÎÎ£2I12 Moana Glon6 Me An s Clone Means Clone 
(%) number (%) number (%) number (mm) number 
34.63 5260 38.26 5339 68.36 5260 6.70 5377 
32.55 5326 33.74 5260 63.95 5339 5.48 5339 
31.09 5273 32.85 5351 62.73 5326 5.28 5260 
29.51 5377 30.18 5326 58.34 5351 4.84 5351 
25.69 5339 27.09 5273 58.18 5273 4.06 5326 
25.49 5351 25.38 
L. 
5377 54.89 5377 3.96 5273 
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In summary, clone, tree age, and sample height affected measured vari­
ables differently. A particular clone may have desirable characteristics 
at some part of the tree and undesirable characteristics at other parts of 
the tree. The mean values of each measured variable for individual clones 
were based on different heights and ages. In order to rank the anatomical 
properties of all clones, the following table (Table 32) was used. Rank­
ings were based on a comparison of averages of individual variables for 
height 1, height 2, tree age 4, and tree age 3. This ranking table will 
illustrate the potentials of each clone. Each variable among all clones 
is ranked from 1 to 6 with 1 representing the highest value and 6 repre­
senting the lowest value. For example, in the first column (fiber length) 
clone 5351 showed 1, 1, 1, 1 for height 1, height 2, tree age 4, and tree 
age 3 respectively. This means that clone 5351 had the longest fibers at 
heights 1 and 2. This clone also possessed the longest fibers within tree 
ages 3 and 4. Therefore, we can definitely say that clone 5351 had the 
longest fibers among all clones at all positions. To the contrary, clone 
5377 possessed the shortest fibers among these six clones. 
Conclusions can be drawn for each clone using Table 33. Rankings of 
1, 2, 5, and 6 refer to extremely high, high, low and extremely low 
respectively, while numbers 3 and 4 refer to medium rankings. The follow­
ing table (Table 33) was complied from the ranking table to compare the 
overall growth and anatomical characteristics for each individual clone. 
Plates 21 and 22 illustrate the vessel, fiber, and ray cell characteristics. 
Table 32. The ranking table of measured variables on the basis of tree ages using means at 
different heights and ages for all clones. 1 represents the top rank with the highest 
value, and 6 represents the bottom rank with the lowest value 
ON T-HE BASIS OF TREE AGES 
Fiber length Number c >f vessels Percentage of vessels 
Percentage 
of ray cells 
Clone 
number Ht. :i Ht. 2 Age 4 Age 3 Ht.l Ht. 2 ^ ige 4 Age 3 Ht.liHt.2 Age 4 Age 3 Ht.l Ht. 2 Age 4 Age 3 
5260 4 4 4 5 6 6 5 5 6 6 6 6 6 6 6 6 
5273 5 5 5 4 2 1 2 1 3 3 3 2 5 1 3 3 
5326 3 2 3 3 1 4 1 4 2 4 2 4 3 5 4 5 
5339 2 3 2 2 3 3 3 3 5 5 5 5 4 4 5 4 
5351 1 1 1 1 4 4 4 6 4 1 1 3 1 3 2 2 
5377 6 6 6 6 5 2 6 1 2 4 1 2 2 1 1 
Percentage of 
normal fibers 
Percentage of 
G-fibers 
Percentage of 
total fibers Ring width 
Height 
growth 
Clone 
number Ht.l Ht. 2 Age 4 Age 3 Ht.l Ht.2 Age 4 AR e 3 Ht.l Ht. 2 Age 4 Age 3 Ht.l Ht. 2 Age 4 Age 3 
5260 1 3 2 1 2 2 2 2 1 1 1 1 4 4 4 3 3 
5273 2 2 1 3 6 6 6 5 3 4 4 5 5 6 5 6 2 
5326 4 1 4 2 3 4 3 4 4 3 3 3 6 5 6 5 4 { 
5339 6 5 6 5 1 1 1 1 2 2 2 2 3 3 3 2 1 I 
5351 3 6 5 6 5 3 4 3 5 5 6 4 2 2 2 4 6 : 
5377 5 4 3 4 4 5 5 6 6 6 5 6 1 1 1 1 5 ! 
i 
Table 33. Comparison of overall growth and anatomical characteristics for each individual clone 
based on tree ages 
ON THE BASIS OF TREE AGES 
Clone 
number 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers Ring width 
5260 medium low extremely 
low 
extremely 
low 
high high extremely 
high 
medium 
5273 short high medium medium high extremely 
low 
medium small 
5326 raeciium high medium low medium medium medium small 
5339 long medium low medium low extremely 
high 
high med lum 
5351 extremely 
long 
low high high low medium low large 
5377 extremely 
short 
high high high low low extremely 
low 
extremely 
large 
Plate 21. Tranverse section of Populus sp. stem showing the vessel 
characteristics 
a. Wood with large number of vessels (160x) 
b. Wood with small number of vessels (160x) 
c. Wood with small vessels (160x) 
d. Wood with large vessels (160x) 
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Plate 22. Transverse section of Populus sp. stem showing the fiber and 
ray cell characteristics 
a. Wood with high percentage of G-fibers (160x) 
b. Wood with high percentage of normal fibers (160x) 
c. Wood with low percentage of ray cells (160x) 
d. Wood with high percentage of ray cells (160x) 
Transverse section of Populus sp. stem showing the fiber and 
ray cell characteristics 
Wood with high percentage of G-flbers (160x) 
Wood with high percentage of normal fibers (160x) 
Wood with low percentage of ray cells (160x) 
Wood with high percentage of ray cells (160x) 
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Cambial age is one of the factors affecting the anatomical properties 
of wood. Juvenile wood formed adjacent to the pith usually has quite 
different characteristics than the wood formed further away. In order to 
determine the relationship between cambial age and growth characteristics 
for each clone, similar analyses to those based on tree age were performed. 
Cambial age is associated with the location of the samples and is easier 
to determine. Some physiological processes including growth vary with 
cambial age of the tree. The analysis showed that the within clone vari­
ation in all variables at a given height were very similar for both cambial 
age and tree age. The major difference was the ranking of clonal differ­
ence in some variables. This was expected due to different growth rings 
being involved in the two analyses. Particularly, the presence of cambial 
age 1 caused some variation in clone ranking = The results on the basis of 
cambial age are briefly described as follows for heights 1 and 2 and cam­
bial ages 1 and 2. 
Variations Within Height 1 on the Basis of Cambial Ages 1, 2, and 3 
Cambial ages 1, 2, and 3 (the first three rings counting from pith) 
were involved at height 1. The ANOVA table showed that number of vessels, 
percentage of ray cells and normal fibers varied significantly with clone 
at the ten percent level. Cambial age had a significant effect on fiber 
length, number of vessels, and ring width at the one percent level (Table 
34). These results were very similar to those obtained from height 1 based 
on tree ages. 
Table 34. The analysais of variance table showing the mean squares for each measured variable. Data 
based on cambial ages 1, 2, and 3 at height 1 
HEIGHT 1 
Source Id.f. 
Fiber 
length 
Number of 
vessels 
Percentage 
of vesiiels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage ,Percentage 
of i of total 
G-fibers j fibers 
Ring 
width 
Clone 1  ^  163.12 
1065.02*** 4214.74 783.53*** 10287.74*** 17177.53 16524.69 
j 
1224.91 
Error(a) 
(tree/ 
clone) . 
1 
66.63 289.17 2737.«4 224.87 3031.35 9664.40 
: 
3967.49 409.39 
Cambial 
age 
I 
: 2 
i 
1551.51** 6553.65**' 1957.51 
! 
232.75 123294.97 8977.08 3460.59 5535.3** 
Clone X 
cambial 
age 1 »  24.72 241.59 917.<)7 202.99 6679.91 
8554.22 667.14 415.80 
Error(b) 
" 1  22.11 459.17 1623.38 
119.28 9709.68 14978.36 2280.92 645.37 
Total 35 138.03 802.66 2002.17 262.68 8558.06 12203.16 2782.63 
^ 901.54 
** Significant at the 1% significance level. 
*** Significant at the 10% significance level. 
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Exceptions were that clonal variation was significant for the number 
of vessels and non-significant for the percentage of G-fibers. Clone by 
cambial age interaction was non-significant for ring width. The mean 
value of measured variables are listed in Table 35. The significance of 
clonal effect on the number of vessels was due mainly to the extremely 
large number of vessels of cambial age 1 in clones 5326, 5339, and 5260. 
However, the large number of vessels did not cause a large variation in 
the percentage of vessels because of the smaller diameter. In both 
analyses, the clonal variation in percentage of G-fibers with either cam­
bial ages or tree ages were very irregular. However, the clonal effect 
was not significant on the basis of cambial age. The clonal averages for 
percentage of G-fibers in both cases varied widely, while there was a 
greater variation between trees within clone (i.e., large Error (a)) on 
the basis of cambial ages especially in clones 5260, 5351, and 5377. Thus, 
in the F-test, the larger Error (a) term reduced the F-value and caused the 
non-significant clonal effect on the percentage of G-fibers. 
Variations Within Height 2 on the Basis of Cambial Ages 1 and 2 
The analysis of variances for height 2 showed that clone had no signif­
icant effect on any of the growth characteristics at the ten percent 
level. The variation was due mainly to changes in different cambial ages. 
Cambial ages 1 and 2 werB involved in the analysis. Usually, cambial age 1 
exhibited quite different characteristics from other ages. Table 36 showed 
that cambial age significantly affected fiber length, percentage of ray 
cells, and ring width at the one percent level. It significantly affected 
Table 35. Mean values of measured variables at height 1 for eight clones. Data based on cambial 
ages 1, 2, and 3 at height 1 
HEIGHT 1 
Clone 
number 
Fiber 
length 
Number of 
vess els 
Percentage 
of vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers Ring width 
5260 0.68 (52 22.65 9.30 31.23 36.82 68.05 4.63 
5273 0.72 55 28.05 9.00 36.13 26.83 62.95 5.38 
5326 0.74 81 30.02 9.80 32.85 27.33 60.18 3.29 
5339 0.77 70 26.78 10.02 24.10 39.11 63.21 5.36 
5351 0.84 51 27.82 11.58 27.96 32.65 60.61 5.76 
5377 0.72 45 29.58 11.68 31.32 27.42 58.73 7.65 
4878* 
1 
0.72 50 25.92 8.33 56.62 9.13 65.75 5.15 
5332* 0.73 70 27.25 ; 
1 
8.90 29.40 33.45 63.85 6.45 
^ 
i 
1 
i 1 
* Represents the clones with only one tree. 
Table 36. The analysis of variance table showing the mean squares of each measured variable. 
Data bafsed on cambial ages 1 and 2 at height 2 
HEIGHT 2 
Source d.f. 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of vesiiels 
Percentage 
of 
ray cells 
Percentage 
of normal 
f ibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
Ring 
width 
Clone 5 9(3.77 355.00 5309.1Î5 546.69 18470.30 19784.49 8159.49 314.89 
Error(a) 
(tree/ 
clone) 5 12=.. 63 586.52 2250.21 753.99 13729.46 10814.61 4337.36 236.48 
Cambial 
age 
1 1441.50** 4004.17* 4428.17 1449.26** 6016.67 33189.84* 10944.01* 2204.17** 
Clone X 
cambial 
age 5 20.20 581.79 1373.02 191.44* 2192.47 3799.32 1587.24 227.09* 
Error(b) 6 38.71 430.65 1342.21 42.74 8744.88 4471.82 1740.99 48.81 
Total 23 131.62 643.09 2582.48 431.31 10616.37 10557.72 4180.34 288.08 
* Significant at the 5% level. 
** Significaiiit at the 1% level; 
Table 37,. Mean values of measured variables at height 2 for eight clones. Data based on cambial 
ages 1 and 2 at height 2 
HEIGHT 2 
Clone 
number 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers Ring width 
5260 0.64 69 24.36 9.44 32.14 34.06 66.20 2.93 
5273 0.62 72 30.63 1.2.19 35.61 21.58 57.19 3.48 
5326 0.72 51 28.16 9.16 32.70 29.98 62.68 3.90 
5339 0.71 56 25.24 10.03 26.24 38.50 64.74 4.79 
5351 0.73 49 32.09 1.0.48 16.63 40.81 57.44 4.55 
5377 0.63 59 33.23 11.43 26.64 28.71 55.35 5.31 
4878* 0.66 35 23.23 7.30 57.00 12.45 69.48 5.45 
5332* 0.65 76 29.28 8.20 35.18 27.35 62.53 5.28 
* Represents the clones with only one tree. 
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the number of vessels, percentage of G-fibers and total fibers at the five 
percent level. Also clone and cambial age interaction effect was signifi­
cant for the percentage of ray cells and ring width at the five percent 
level (Table 36). These results were different from those obtained from 
height 2 based on tree ages. The difference was due mainly to the cambial 
age effect. There was a larger variation between cambial ages 1 and 2 than 
between tree ages 3 and 4 in some growth characteristics. Cambial age 
significantly affected the percentage of ray cells, G-fibers and total 
fibers while tree ages did not affect this change. The mean values of 
measured variables are listed in Table 37. The averages based on cambial 
age for all clones were slightly higher than those based on tree ages for 
percentage of ray cells, G-fibers, and total fibers. These high values 
were caused by large mean squares due to cambial ages, thus increasing the 
F-value for the cambial ages. 
Variations Within Cambial Age 2 at Heights 1 and 2 
Cambial age 2 refers to the second growth ring counting from pith. 
The analysis of variances provided the information for clonal and height 
effects on the variables within cambial age 2. The results showed that 
fiber length and ring width varied significantly with clone at the one 
percent and ten percent level, and number of vessels varied significantly 
at the one percent level with the location of the sample. Also clone by 
height (i.e., the location of the sample) interaction effect was signifi­
cant for the number of vessels and percentage of ray cells at the five 
percent and ten percent level (Table 38). The mean values of individual 
Table 38. Analysis of variance showing mean squares for each measured variable. Data based on 
cambial ag;e 2 at heights 1 and 2 
CAMBIAL AGE 2 
Source d.f. 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
Ring 
width 
Clone q, 130. 40 *  116.65 3188.14 493.02 11192.32 12432.38 5673.97 1382.79*** 
Error(a) 
(Tree/ 
clone) e 22.58 70.13 1134.53 350.07 4985.50 9225.38 2453.23 353.20 
Height 1 8.17 260.04** 102.09 49.59 12880.67 12195.04 9.38 404.26 
Clone 
X 
height 18.47 93.49* 822.37 146.77*** 2020.12 2125.89 823.30 163.24 
Error(b) (' 35.33 15.42 393.99 45.74 4667.58 5697.67 358.56 113.49 
Total 2:) 47.33 79.30 1275.03 244.50 5950.49 7588.03 2146.37 475.41 
1  
* !3i{;nificant at the 5% significance level. 
** Significant at the 1% significance level, 
*** Significant at the 10% significance level. 
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variables for all clones are listed in Table 39. Within height 2, fiber 
length varied very little with height. This was caused by different tree 
ages being involved in a given cambial age at different heights. In this 
study, cambial age 2 corresponded with either tree age 2, 3, or 4 depending 
on the location of the samples and the annual height growth. Therefore, 
the variation in fiber length with height didn't follow a definite trend 
for all clones. Height had a significant effect on the number of vessels. 
Most clones showed a negative trend between height and the number of 
vessels except clone 5351. This result completely disagreed with the 
variation in a given tree age mainly because the same cambial age wood 
was formed in different years at the different heights. 
Variations Within Cambial Age 1 at Heights 1 and 2 
Cambial age 1 refers to the first ring adjacent to the pith. Wood of 
^ wm ^ 1 A «te ^  1 .4 J • « w M» J J A. ^ m ^  J ^ ^ ^ A* MA ^ Âm  ^CotUL/Aox X yv/ooc^ooco iix^g&i j uvciixxxcj^ oiiu iicso yuxuc uxttcxcuc ciiorai^wca. xo— 
tics from that of other cambial ages. The analysis of variance showed that 
clone, height and clone by height interaction effects were not significant 
on any of the measured variables at the ten percent level (Table 40). The 
mean values of individual variables for all clones are listed in Table 41. 
The non-significant clonal effcct was caused by the large variation between 
trees within clone and the small variation among clones. Clonal variation, 
in measured variables, with height was very irregular. For a given vari­
able, height had different effects on different clones. Therefore, con­
sidering all clones simultaneously, height effect was not significant. 
Table 39. Average values of individual variables among all clones in cambial age 2. Data 
based on cambial age 2 at heights 1 and 2 
CAMBIAL AGE 2 
Clone 
number 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers Ring width 
5260 0.69 50 22.16 8.56 31.29 37.99 69.28 4.06 
5273 0.72 50 28.70 9.40 35.60 26.30 61.90 5.68 
5326 0.78 55 27.68 9.45 31.79 31.09 62.88 3.81 
5339 0.77 53 26.56 9.13 24.36 39.95 64.31 5.83 
5351 0.85 51 29.94 11.04 21.21 37.81 59.03 4.85 
5377 0.73 39 29.28 11.34 30.10 29.29 59.39 8.94 
4878* 0.68 32  23.53 8.03 57.45 11.00 68.45 ; 5.20 
5332* 0.66 72  27.30 8.15 36.30 28.25 64.55 4.68 
* Avfirage of one tree in each clone 
Remaining figures based on average of two trees per clone. 
Table 40. Analysis! of variance showing mean squares for each measured variable. Data based on 
cambial age 1 at heights 1 and 2 
CAMBIAL AGE 1 
! 
i 
1 Source d.f. 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers 
Ring 
width 
Clone 5 41.17 783.94 5370.29 207.34 16092.92 21907.04 5229.82 149.62 
Error(a) 
(Tree/ 
clone) 6 145.74 1432.57 2933.21 601.98 12543.74 21944.78 5924.31 237.86 
Height 1 46.76 1298.01 1218.38 145.04 9861.76 21390.51 2204.17 33.84 
Clone X 
height ; 5 10.49 1371.59 2049.43 505.37 6074.04 10649.09 1 3276.54 
1 
144.22 
Error(b) 6 61.11 630.36 2503.96 248.40 17790.49 12695.45 ' 3291.44 
1 
339.53 
Total 23 67.22 
1 
1063.18 ; 3084.35 383.38 13160.95 17044.02 : 4349.15 
i 
t 
215.97 
Table 41. Average values of individual variables among all clones in cambial age 1. Data based on 
cambial age 1 at heights 1 and 2 
CAMBIAL AGE 1 
Clone 
number 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers Ring width 
5260 0.59 93 25.44 10.71 27.85 36.00 63.85 2.26 
5273 0.56 84 30.08 11.63 33.79 24.51 58.30 
3.08 
5326 0.63 92 31.66 9.66 35.76 22.91 58.68 
2.76 
5339 0.65 84 25.70 11.34 25.95 36.98 62.93 
3.44 
5351 0.64 56 29.61 11.43 18.06 40.90 58.96 
4.05 
5377 0.60 71 35.09 11.10 25.88 27.94 
53.81 2.90 
i 
i 
i 4878* 0.63 64 25.90 8.35 58.05 7.70 65.75 
3.23 
' 5332* 0.61 105 32.50 9.35 36.50 21.65 
58.15 2.38 
* Average of one tree in each clone. 
Remaining figures based on average of two trees per clone. 
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In order to determine which clone possesses better qualities on the 
basis of cambial ages, rankings were developed in a similar manner to 
those used for tree ages. The results were different from those obtained 
on the basis of tree ages. This was due mainly to the different growth 
rings being involved in both analyses. Table 42 illustrated the rankings 
of individual variables among all clones. In this table, all clones were 
ranked from 1 to 6 with 1 representing the highest value and 6 representing 
the lowest value. On the basis of cambial ages, location had a very strong 
influence on the ranking of the clone. For example, in clone 5273, the 
average percentage of ray cells was highest in the lower part of the tree 
and lowest in the upper part. The overall growth characteristics of each 
clone based on cambial ages can be summarized as in the following table 
(Table 43). 
There was no difference in clonal rankings for percentages of vessels, 
ray cells, and total fibers on the basis of either cambial ages or tree 
ages. The major differences between these two rankings were in percentages 
of normal fibers, G-fibers, ring width, and number of vessels. 
Table 42. The ranking table of measured variables on the basis of cambial ages using means at 
different heights and ages for all clones. 1 represents the top rank with the highest 
value and 6 represents the bottom rank with the lowest value. Ht. and C.A. refer to 
height and cambial age respectively. 
ON THE BASIS OF CAMBIAL AGES 
Fiber length Number of vessels Percentage of vessels 
Percentage 
of ray cells 
Clone 
number Ht. 1 Ht. 2 C.A.2 C .A.l Ht. 1 Ht. 2 C.A.2 C.A.I Ht.l, Ht. 2 C.A.2 C.A.I Ht.l Ht. 2 C.A.2 
• • ' 
C.A.I 
5260 6 4 6 5 3 2 5 1 
! 
6 i  6 6 5 5 6 5 
5273 5 6 5 6 4 1 4 4 3 3 3 3 6 1 4 
5326 3  2 3 1 5 1 2 1 4 4 2 4 6 3 6 
5339 2 3 2 1 2 4 2 3 5 ; 5 5 5 3 4 5 3 
5351 1. 1 1 2 5 6 3 6 4 i  2 1 4 2 3 2 2  i  
5377 4 5 
1  
4 4 6 3 6 5 2 1 1 1 2 1 4 i  
1 Percentage of Percentage of Percentage of 
normal fib< prs G-fibers total f ibers Ring width 
-
Clone 
number Ht.l Ht. 2 C.A.2 C.A.I Ht. 1 Ht. 2 C.A.2 C.A.I Ht.l Ht. 2 C.A.2 C.A.I Ht.l Ht. 2 C.A.2 C.A.I 
5260 4 3 3 3 2 3 2 3 1 1 1 1 5 6 5 6 
5273 1 1 1 2 6 6 6 5 3 5 4 5 3 5 3 3 
5326 2 2 2 1 5 4 4 6 5 3 3 4 6 4 6 5 
5339 6 5 5 4 1 2 1 2 2 2 2 2 4 2 2 2 
5351 5 6 6 6 3 1 3 1 4 4 6 3 2 3 4 1 
5377 3 4 4 5 4 5 5 4 6 6 5 6 1 1 1 4 
Table 43. Comparison of overall growth and anatomical characteristics for each individual clone 
based on cambial ages. 
ON THE BASIS OF CAMBIAL AGES 
Clone 
number 
Fiber 
length 
Number 
of 
vessels 
Percentage 
of 
vessels 
Percentage 
of 
ray cells 
Percentage 
of normal 
fibers 
Percentage 
of 
G-fibers 
Percentage 
of total 
fibers Ring width 
5260 short high low low medium medium high small 
5273 short m (2d ium medium medium high low medium medium 
5326 uiediium high medium low high low medium small 
5339 long medium low medium low high high medium 
5351 long low high high low high low large 
5377 ; medium low high high medium medium low large 
i 
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DISCUSSION 
Cambial Ages vs. Tree Ages 
The major objectives of this study were the characterization of 
within-tree variation of several growth and anatomical properties of 
selected clones, and detection of the anatomical differences among 
clones. Hopefully, oiE will be able to select desirable clones for 
specific uses by using these anatomical and growth performances as the 
selection criterion. 
Data analyses in this study were performed for two categories, 
i.e., on the basis of tree ages 2, 3, and 4 and on the basis of cambial 
ages 1, 2, and 3. The results showed that tree age and cambial age 
affected the anatomical properties in different ways for each clone. 
This was due to the existence of different growth rings in each analy­
sis. The presence of cambial age 1 caused some significant changes in 
all variable?: ninnaT rankings were highly dependent on the involved 
growth rings. These rankings did not remain constant in our analysis. 
For this study, the use of tree ages for making clonal comparisons 
seems to be more reasonable. All trees used in this study were planted 
in the same year and grew under similar site and spacing conditions. 
It was relatively easy to identify the year of formation for each growth 
ring. A comparison of wood formed in the same year can eliminate some 
confounding problems such as the confusion of environmental factors with 
physiological and genetic factors. Therefore, it will be easier to 
determine the source of variation. Seasonal weather changes such as 
fluctuations in precipitation, temperature, or both will cause differ-
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•enit responses in tree growth. They affect changes in crown growth 
which in turn will reflect wood quality. Seasonal changes also affect 
the initiation of cambial activity and the terminal growth. Therefore, 
seasonal growth becomes very important in evaluating wood quality. 
Exclusion of first year growth in the analyses for this study was made 
because of the slow growth during the first growing season. 
The trees were planted from unrooted cuttings. Some clones had 
initial difficulty in establishing the root system. Therefore, total 
volume of first year growth was relatively small and ignorable relative 
to later years of growth. At a given height, the variation with tree 
age can indicate environmental and clonal effects. The variation in 
height, with year of formation held constant, can indicate the influence 
of the distance of the wood from the crown during wood formation. 
In all of the following cases, the use of cambial ages for analysis 
is more practical and reasonable than using tree ages. In dealing with 
older and larger trees, particularly the uneven-aged trees, it wùulu 
not be feasible to compare wood from different trees that formed in the 
same calendar year. If the intent of the study was the analysis of 
physiological processes of cambial activity rather than environmental, 
seasonal, or genetic control on growth characteristics, it would be 
better to use cambial ages. 
Larson (1969) found that there are long-term and short-term effects 
on wood formations. Long-term effect refers to the effects that devel­
op gradually over a period of years, resulting in changes in the over­
all size and shape of the crown. This determines the general shape of 
the growth curve. The short-term effects are induced by fluctuations 
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in growing conditions with climatic factors being the major one. This 
will influence the seasonal development of the foliage organs thus 
indirectly affecting wood formation. To best understand wood formation, 
we must superimpose short-term effects of seasonal development on the 
long-term effects of tree development. For predicting anatomical 
properties of mature trees, it would be better if we concern ourselves 
with both cambial and tree ages for each growth ring. 
The Within-Tree Variation 
All trees used in this study were either four or five years old. 
(The difference was due to different harvesting time.) The within-tree 
variation illustrated the variation of juvenile wood only. Most growth 
characteristics have not reached their maximum, thus the result of this 
study cannot apply to the mature trees. As the tree gets older, the 
vithin-trss variation due to age nr height tends to be more stable. 
Usually, in a given tree, the size of cambial derivatives varies with 
tree height, tree ages at a given height and even across the given 
annual ring (Spurr and HyvMrinen, 1954; Dinwoodie, 1961). 
Fiber length 
At all heights, fiber length increased uniformly through succes­
sive growth rings from the pith. Within a given tree age. It decreased 
with height. This variation usually lasts through the period of 
immaturity (10 to 15 years). These results are in accordance with most 
previous studies by Isebrands (1969), Kandeel (1968), Kaeiser (1956), 
Einspahr et al. (1968), etc. The fiber length is related to cell 
205 
division and elongation rates, and auxin concentration. 
The analysis showed that tree age and height were the most impor­
tant factors affecting fiber length. This was similar to the results 
obtained in Isebrands' (1969) study. Therefore, the significant vari­
ation in fiber length was contributed by physiological and environmental 
processes rather than genetic processes. This is contradictory to some 
of the previous studies. This may be due to the fact that we dealt 
mainly with juvenile materials. 
The clonal effect on fiber length has not as yet been fully estab­
lished. Elliott (1960) and Dinwoodie (1961) concluded that tracheid 
length was a function of tree age in the early years. In mature trees, 
ring width and genetic factors had a greater effect than tree ages. 
Number of vessels 
The number of vessels decreased with increasing tree age at all 
heights and increased with increasing height within a given tree age. 
The results indicate that both height and tree age significantly affect 
the number of vessels. Therefore, the variation in vessel number is 
primarily a physiological phenomenon. 
The formation of vessels is related to number of leaves in the 
crown and crown development which can be controlled by hormonal regula­
tion. The main function of vessels is in conducting water and minerals. 
A greater concentration of vessels at the upper part of the tree is due 
to the greater water requirements. Crown structure influences the type 
of wood produced, especially in the younger trees. Hormonal type con­
trols the size and amount of vessels. Experiments showed that high lAA 
206 
concentrations produce longer vessels with larger diameters. Applica­
tion of GA stimulates xylem production and increases vessel numbers 
while decreasing mean vessel size. 
Percentage of vessels 
Within a given tree age, the percentage of vessels increased with 
the height. This was caused by the larger number of vessels in the 
upper part of the tree. The percentage of vessels is a function of 
their number and size. Size can be regulated by hormones. Vessels 
formed in the earlier portion of the growing season are larger. This 
is due to the greater availability of auxin at the beginning of the 
growing season (Warelng, 1958). Within a given height, vessel percent 
varied differently with tree ages in different clones. However, 
Isebrands' study (1969) concluded that vessel percentage increased with 
increasing year of formation at a constant height. This difference in 
results can be explained by the maturity ol the material. GlJêr cam­
bial initials usually produce larger diameter vessels. The percentage 
of vessels can be controlled by genetics. In older wood, the variation 
in percentage of vessels was attributable to clonal effect. Other 
factors, such as height, clone by height interaction, also had an 
effect on vessel percentage. Knowing the percentage of vessels is very 
important because It is directly related to wood density and the amount 
of fibers. 
Percentage of ray eel Is 
Ray cells are derived from ray initials in the. cambial zone. In 
this study, the results showed that clonal variation in the percentage 
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of ray cells was significant. Therefore, the variation of ray per­
centages is more of an Inherent property than a physiological process. 
The wlthin-tree variation was relatively small for this study. In most 
clones, the percentage of ray cells was uniform or slightly decreasing 
throughout different rings within a given height. Within a given tree age, 
the percentage of ray cells Increased slightly with increasing height 
in most clones. This may be related to the cambial activity and the 
availability of auxin. 
Percentage of normal f ibers 
The percentage of normal fibers varied considerably with height 
and age within the stem. The amount of normal fibers is related to 
both percentage of G-fibers and total fibers. Low percentages of 
total fibers and high G-fibers result in a low normal fiber percentage. 
Environmental, physiological, and genetic factors Influence the 
amount and distribution of normal fibers. Height had more effect on 
the percentage of normal fibers in older increments. In most clones, 
the upper part of the tree had less normal fibers than the lower part 
within a given tree age. This is related to the available growth 
regulators within tree. The upper part of the tree (near crown), 
iisuslly has higher concentrations of auxin because the main sources of 
auxin are formed in the newly expanding leaves and the meristematic tissues. 
High auxin concentrâLlous should favor the formation of normal wood 
fibers. Therefore, the low percentage of normal fibers at the upper 
part of the tree may be related to the presence of antiauxin or the 
redistribution of auxin. 
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Percentage of Galbera 
As noted in many studies, tha formation of tension wood has been 
recognized as a physiological response which Involves the internal redis­
tribution of hormonal growth regulators. In this study, the results also 
showed that the development of tension wood varied with clones. Various 
clones tended to have different amounts of tension wood. Similar results 
were found by Schonbach (1965). Therefore, the amount of G-fibers present 
in tension wood may be controlled through genetic breeding. The within 
tree variation in the percentage of G-fibers with height on tree age was 
extremely variable and followed no regular pattern. Isebrands and Bensend 
(1972) reported that the amount of G-fibers in a 21-year-old cottonwood 
ranged from 0.51 percent to 97.87 percent. In this study, the results 
also illustrated that the amount of G-fibers present was associated with 
total fiber percent and growth rate. Rapid height growth and a high 
amount of total fibers caused the formation of high percentageB of G-
fibers. Berlyn (1961) and White and Robards (1975) developed the same 
conclusion. In most clones, the upper part of the tree contained higher 
percentages of G-fibers, Isebrands and Bensend (1972) obtained similar 
results and argued that the crown had an influence on the formation of 
G-fibers. The crown plays an important role in production of hormones 
and photosynthates. Within a given annual ring, usually, one side of the 
tree is concentrated with G-fibers while the opposite side had fewer G-
fibers. Control of the differentiation and formation of teaaiori wood 
can be accomplished by applying genetic breeding to develop clones with a 
minimum amount of G-fibers. 
209 
The structure of G-flbers varied for different years. The main 
difference was in the thickness of the G-layers. In some cells, the 
G-layers were very thick and pronounced, while in other areas, the 
G-layers may be very thin. Isebrands and Bensend (1972) suggested that 
the thickness of the G-layer was related to the age of the tree and the 
location within the tree. They concluded that the more recently formed 
crown wood had thicker G-layers and G-flbers. 
Percentage of total fibers 
There was a negative relation between the percentage of total 
fibers and vessels. Clone, height and clone by height interaction 
significantly affected on the percentage of total fibers within a 
given annual increment. Usually, the upper part of the tree possessed 
lower percentages of total fibers. This result agreed with Che study by 
Isebrands (1969). There was no uniform variation with tree age within a 
given height. The percentage of fibers fluctuated from year Lu yeat 
in various clones. The percentage of total fibers can be manipulated 
through genetic or physiological process due to significance of clone 
and height effects. Therefore, maximum fiber yield production can be 
accomplished through various methods. 
Ring width 
The rate of cambial growth varied greatly at different stem heights. 
The height of maximum thickness varied with tree age and environmental 
factors. In a young tree, the branches are relatively physiologically 
active; therefore, the height of maximum ring width is relatively low. 
As the tree ages, the lower branches become physiologically inefficient, 
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therefore, the height of maximum ring width moves upwards. Under 
favorable growing conditions, the maximum xylem increment forms at 
relatively low positions (Smith and Wilsie, 1961). Therefore, ring 
width by itself cannot be used as a rule of thumb for estimating wood 
quality. A more useful index would be a combination of ring width 
and ratio of early wood to late wood. Amount of late wood present is 
highly correlated to wood density. In a mature forest stand, crown 
position and ring width are correlated. The size of the crown and 
crown competition regulate the amount of photosynthates produced, thus 
controlling the amount of wood formed. 
In this study, the ring width within a given annual increment 
either decreased or remained uniform at two heights among all clones. 
Trees with higher annual height growth tended to maintain more uniform 
ring width at the two heights. The variation in ring width with tree 
age across the radius at height 1 did not follow any particular pattern. 
This was due to the small number of growth rings involved in the study 
thus preventing any indication of a growth pattern. At height 2, the 
ring width increased from age 3 to 4 for all clones. This was because 
the samples were taken near the tip of the third growth ring. In the 
analysis of variances, both tree age and height had a significant 
effect on ring width. Also clonal effect appeared significant in 
older annual increment. 
211 
Variations Among Clones 
Wood quality is the result of a particular environment acting on 
the inherent potential of a tree. Many studies have shown that wood 
quality can be improved through genetic breeding. In this study, eight 
clones from the North Central Experiment Station were selected based 
on rapid growth. The selected clones came from different areas. Clones 
4878 and 5332 came from Beltsville, Maryland and Upper Darby, Pennsyl­
vania respectively. Clones 5339 and 5377 were from Ames, Iowa; while 
clones 5260, 5273, 5326, and 5351 were from Canada. Due to material 
shortages, clones 4878 and 5332 were excluded in the analysis. However, 
the mean values of each variable for these two clones are available and 
listed in Tables 20, 23, 25, and 27. 
Many studies have been conducted by the Department of Forestry at 
Iowa State University to evaluate the performance of poplar clones. 
Sucli suuuieâ Iricluue: a comparison study of field and growth chssbcr 
productivity (Hennessey, 1976), photosynthesis, photorespiration and 
dark respiration (Gjerstad, 1975), critical nitrogen level (Dykstra, 
1972), peroxidase and growth (Wray, 1974), crown geometry, light 
intensity, and photosynthesis (Max, 1975), and indices for the rapid 
early selection of poplar clones (Zuuring, 1975)» etc. The main pur­
pose of these studies was to develop reliable criteria for selecting 
clones that produce maximum fiber yield. 
The results obtained from this study showed that the variation in 
some anatomical characteristics were based on clonal effect. Clone 
affected wood properties differently in different parts of the tree. 
212 
At height 1, clonal effect was significant for percentage of ray 
cells, normal fibers, and G-fibers. At height 2, clonal effect was 
significant for percentage of G-fibers. Within tree age 4, clonal 
effect was significant for percentage of vessels, ray cells, G-fibers, 
total fibers and ring width. Within tree age 3, the percentage of G-
fibers was also significantly affected by clones. These results illus­
trated that clonal effect was more distinctive in the older wood. The 
variation of early formed wood was due mainly to either age or height 
(i.e., the location of the sample). Some anatomical properties such as 
percentage of ray cells, vessels, G-fibers, normal fibers, and total 
fibers can be inherent from one generation to the next. Based on this 
inheritance factor, we will be able to improve the quality of wood 
and produce the most desirable clones. 
The clones used in this study varied widely in some of the anatomi­
cal properties. Each clone possessed a number of the desirable char­
acteristics. Therefore, clone selection will depend on the product 
utilization desired. 
The desirable trees for the paper industry are ones with above 
average fiber length, high percentage of thin-walled fiber cells, 15-
50 percent latewood growth, high cellulose content, low extractive 
content, high fiber yield» suitable pentosan content, rapid growth 
rate, medium density species, and low percentage of reaction wood 
(Dadswell el al.. 1959; Dadswcll and Wardrop. 19^9). Fiber length 
is closely related to the strength properties of pulp such as tear, 
tensile, and folding strengths. Longer fibers produce higher tearing, 
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tensile and folding strength thus forming stronger paper. Longer fibers 
also provide better bonding capacity between fibers. Generally, low 
density wood, cells with thinner walls, provide better bonding capacity. 
Thin-walled fibers collapsed easier and become ribbon-like during sheet 
formation thus creating larger surfaces for bonding. Runkel, as cited 
by Dadswell and Wardrop (1959), suggested that the ideal wall thickness 
for favorable pulp properties are 2W/L<1 where W=wall thickness and L= 
lumen diameter of the fiber. Although thick-walled fibers provide 
stronger tearing strength, other properties are relatively weaker. 
The percentage of latewood is related to wood density and wall 
thickness thus affecting pulping properties. Tearing strength and 
bulk increase with increasing percentage of latewood; but bursting, 
tensile strengths and folding endurance decreases. Dadswell and 
Wardrop (1959) thought that the latewood percentage should not exceed 
50 percent in order to give satisfactory sheet formation. 
High cellulose content is highly desirable in the paper industry. 
The amount of cellulose varied considerably between and within species, 
and even within a tree. Fibers with high cellulose and low lignin 
content require less bleaching during the pulping process and provide 
better paper properties. Low quantities of extractives in pulpwood 
consume less chemicals through the process. A suitable amount of 
pentosan is also relatively important. Wood with either too high or 
too low pentosan content results in low paper strength. 
Maintaining a minimum amount of tension wood through genetic or 
silvicultural practices is another objective in intensive culture 
studies. Although tension wood fibers contain a higher cellulose con­
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tent and give higher yield through the pulping process, they result 
in much weaker paper. 
The ideal trees for furniture, veneer, studs, or other uses are 
ones free of tension wood and with above average specific gravity. 
The presence of tension wood causes some difficulties during sawing. 
The appearance of woolly surfaces after sawing or planing is caused by 
projecting tension wood fibers. These loose fibers severely overheat 
the saw blade thus dulling the blade rapidly. When cutting veneers 
from tension wood, rough and poor gluing surfaces are obtained. Ten­
sion wood also has excessive longitudinal shrinkage. In drying lumber 
of dimension stock, the occurrence of tension wood creates severe 
warpage problems and other drying defects. Bowing, crooking, and 
irreversible collapse are quite common occurrences when drying tension 
wood. 
The specific gravity is an index of strength of the wood. Higher 
specific gravity provides stronger strength properties. Hardwood ply­
wood is usually used where appearance is more important than strength. 
Therefore, material free of stain is also very important. Chemical com­
position of wood does not affect the quality of plywood or furniture as 
critically as it does pulp wood. However, straight grain is an important 
factor in plywood material. Studies showed that basic patterns in the 
spiral grain arrangements are hereditary. Spiral grain is also assoc­
iated with juvenile wood. 
Clone 5260 (Tristis) originated in Canada. This clone has a very 
high percentage of total fibers and a low percentage of vessels and ray 
cells relative to the other five clones. The fibers were medium length 
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(0.69 mm to 0.82 mm). It is a relatively good clone for pulping. 
This clone also possesses a large number of G-fibers that result in 
weaker pulp. However, the high percentage of total fibers and normal 
fibers can compensate for the high G-fibers problem in the pulping 
process. 
Chemical analysis indicated that clone 5260 contained a very low 
lignin content (18.5 percent) and an average amount of glucose (46.9 
percent) (Dickson et al., 1974). The low lignin content may be related 
to the peroxidase activity. Wray's study (1974) showed that various 
clones performed differently based on their peroxidase activity. 
Peroxidase can convert coniferyl alcohol to lignin or lignin-like 
structures, and is highly related to plant growth (Galston and Davies, 
1969). The low lignin content also can be explained by the high per­
centage of G-fibers. G-fibers contain a large amount of cellulose, but 
low lignin content. Therefore, wood containing high percentage of G-
libetâ aim uOtàl fibers result in a lew lignin content. The lev: lignin 
content requires less bleaching during the pulping process, thus de­
creasing pulping cost. This clone may not be an ideal clone for furni­
ture or veneer production due to the high amount of tension wood. 
Crist and Dawson (1975) worked with Tristis (Populus tristis fisch. 
X Populus balsamifera L. CV.) and Northwest (Populus deltoïdes Bartr. x 
Populus balsamifera L.) under three densities and concluded that total 
stem and branch dry weight of Tristis was higher than that of Northwest. 
In their study, the mean fiber length and vessel percentage of Tristis 
were 0.56 mm and 19.33 percent respectively. The overall fiber length 
for clone 5260 in this study was 0.75 mm. The larger mean fiber length 
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was due to the use of older material in this study. The average growth 
rate of this clone was slightly below the average among all tested 
clones. Among clones 5260, 5339, and 5377, clone 5260 was ranked second 
in height growth at the end of the third and fourth growing seasons. 
This agrees with Hennessey's (1976) field study of these three clones. 
Dickson's et al. (1974) study also showed that the height growth at the 
end of the third year for clones 5260 and 5339 were 4.4 m and 5.5 m re— 
spectively. This evidence proved that clone 5339 had better growth than 
clone 5260. 
Various clones require different temperature and photoperiods to 
reach optimum growth. Zuuring (1975) reported that both clones 5260 and 
5339 require 29-17° day-night temperature and 18 hours photoperiod to 
achieve maximum growth while clone 5377 required the same temperature 
and a 16-hour photoperiod. Wray (1974) reported that a reduction in 
photoperiod to 12 hours strongly affected the dry weight accumulation 
of clone 5260. It did not show a similar effect on clone 5377 and 5339. 
Therefore, the optimum temperature and photoperiod are relatively 
critical for clone 5260 to reach its maximum growth. 
Dickson et al. (1974) Indicated that the specific gravity of 
clone 5260 was 0.353 which was above average among the 18 tested clones. 
The high specific gravity can be explained by the evidence of high per­
centage of total fibers in this study which provides a large amount of 
cell wall substances. 
Clone 5273 (Populus deltoïdes) came from Indian Head, Saskatchewan, 
Western Canada. Results from this study showed that the clone possessed 
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several undesirable properties such as short fibers, large number of 
vessels, and slow diameter growth relative to the other clones in this 
study. However, this clone had a very low percentage of G-fibers 
which is a desirable characteristic. Short fibers and a large number 
of vessels unfavorably affect the quality of pulp. The height growth 
of this clone was average. This clone is feasible for a long rotation 
thus facilitating its use for furniture, veneer, or lumber. The small 
amount of tension wood also makes it a good furniture species. Very 
few studies have been done on this particular clone. No information on 
chemical composition or strength properties were investigated. 
However, clone 5273 was not ranked highly based on its anatomical and 
growth performances. Therefore, this clone would not be particularly 
desirable for intensive culture compared to other clones in the study. 
Clone 5326 (Populus x euramericana) originated on Ontario, Canada. 
This clone had medium fiber length and average percentage of vessels, 
normal fibers, G-Iibets aim toLal fibers. It also had a very lew per­
centage of ray cells and a large number of vessels. The diameter 
growth was small relative to other clones in this study. It is a clone 
which possesses average anatomical qualities. 
Low percentage of ray cells is suitable for pulping. This clone 
can be used as pulp material; however, it is not the best choice when 
compared to clones 5260 or 5339. The Dickson eit al. (1974) study 
showed that glucose and xylose contents of this clone were below average 
(glucose 42.3 percent, xylose 19.3 percent) while the lignin content 
was slightly above average (21.6 percent) among the 18 tested clones. 
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This clone also had the lowest glucose concentration among the six 
Populus euramericana clones. In this study, clone 5326 had a lower 
percentage of G-fibers and total fibers than clone 5260; therefore, a 
lower glucose and higher lignin content. Hybrid euramericana clones 
also contained the highest amount of extractives among 18 tested 
hybrids. High extractive content causes discoloration of lumber; 
therefore, clone 5326 may not be highly desired in the veneer or furni­
ture industries. Wray's study (1974) indicated that clone 5326 was 
ranked in the middle group among the 25 clones based on its leaf and 
stem dry weights, total height and leaf/stem ratio. Clone 5326 was 
very similar to clone 5273 in some of the anatomical aspects. 
Clone 5339 (Crandon) originated in Ames, Iowa. This clone possessed 
very long fibers, a low percentage of vessels, and a high percentage 
of total fibers, all of which are qualities desired by the paper indus­
try. The chemical analysis of this clone revealed an extremely high 
glucose (51.Ô percent) and xylose (19.5 pêïCêuL) content and extremely 
low lignin (18.9 percent) and extractive (2.8 percent) content 
(Dickson et al., 1974). High glucose and low lignin contents are 
related to the high percentages of total fibers and G-fibers. This 
clone also had the fastest height growth among the eight clones in this 
study. Previous research showed that both height and diameter growth of 
this clone was exceptionally high among the 18 tested clones. Other 
studies also showed that Crandon is a highly rust resistant clone. 
Therefore, this clone has a potential to be used in intensive culture 
systems. Due to the extremely high percentage of G-fibers, clone 5339 
is not very suitable for use in the veneer or furniture industries. 
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Zuuring (1975) reported that the optimum growth conditions for 
clone 5339 were 29-17° day-night temperature and an 18-hour photoperiod. 
High temperature showed a strong negative effect on height growth for 
clone 5339. Other clones did not exhibit a similar effect. Therefore, 
this particular clone is more suitable for growth in the northern 
latitudes. Some studies showed that clone 5339 had difficulties in the 
initial establishment of the root system. However, once established, 
they grew very fast. 
Clone 5351—a Populus clone from unknown parentage, originated from 
Indian Head, Saskatchewan, Western Canada. This clone had large diameter 
growth with wide growth rings; however, height growth of this clone was 
below average. This result conflicted with Dickson et al» (1974) 
results. They reported that clone 5351 had large diameter and height 
growth. This is very hard to justify due to the small sample size used 
for each clone in both studies. 
This clone possessed extremely long fibers, a small number of 
vessels, and a large ring width which are all favorable characteristics. 
Other properties such as high percentages of vessels and ray cells, 
average amount of G-fibers, low percentages of normal fibers and total 
fibers are undesirable. Extremely long fibers provide good strength 
for pulping. Previous studies showed that the chcmical composition of 
this clone was favorable for pulping. The glucose and xylose contents 
were 47.9 percent and 19.5 percent which were slightly above average. 
The lignin and extractive percentages were 18.1 and 2.9, which were 
slightly below average. These values were measured from the third 
growth ring. In this study, some of the unfavorable anatomical proper­
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ties may be derived from the first two years' growth. It is definitely 
a good clone for producing strong paper. However, more studies are 
necessary to decide whether it is also an ideal clone for intensive 
culture. 
Clone 5377 (Wisconsin-5) also originated from Ames, Iowa. It is a 
Populus euramericana hybrid. This clone exhibited very poor anatomical 
properties relative to the other five clones. It has short fibers, a 
large number of vessels, high percentage of vessels and ray cells, and 
low percentages of normal fibers, G-fibers and total fibers. All of 
these properties are unfavorable for pulping except low percentage of 
G-fibers. However, this clone exhibited large diameter growth and 
average height growth. There was no chemical composition information 
available for this particular clone. Zuuring (1975) found that optimum 
growth occurred under 29-17°C day-night temperature and a 16-hour photo-
period. Hennessey's (1976) study concluded that clone 5377 developed 
the best growth among clones 5260 and 5339 on the basis of heighL and 
diameter growth, and stem and leaf dry weights. This clone grew much 
better in Ames, Iowa, than in Rhinelander, Wisconsin. Although this 
clone has potential for above average height and diameter growth, it 
does not yield good pulpwood. However, based on its fast growth and low 
percentage of G-fibers, this clone is suitable for veneer and furniture 
production. 
The results of rhjm study Illustrated the anatomical properties 
particularly percentage of G-fibers can be controlled through genetic 
breeding. Usually, the high percentage of G-fibers is associated with 
a high percentage of total fibers. This creates problems achieving a 
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high yield of fibers concurrently with low percentages of G-fibers. 
More studies are required to determine how one can reduce the percentage 
of G-fibers but also produce a high fiber yeild. This may be accom­
plished through breeding or internal hormonal control. Selecting more 
trees within each clone to allow more clonal comparisons will provide 
more definite results. Increment cores from different heights of the 
tree can be used for obtaining anatomical information if more trees 
are used in the testing process. Additional research is needed to 
allow prediction of the growth and anatomical performances after the 
fourth growing season. 
The study suggests that anatomical properties can be used to help 
in selecting rapid growth Populus clones. However, this selection 
criteria should be used in conjunction with other selection indices 
such as chemical composition, disease and insect resistance, photo-
synthetic rate, enzyme activities and controlled environment studies. 
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SUMMARY AND CONCLUSION 
The results of Study II illustrated the general within tree vari­
ation in growth and anatomical properties for the selected clones. 
Clonal variation was also measured by comparing the anatomical proper­
ties. The following conclusions were drawn from the results obtained in 
this section of my dissertation: 
Fiber Length 
1. Fiber length increased from pith to bark at a given height with 
the incremental rate being greater near the pith. 
2. Within a given tree age, the fiber length decreased with in­
creasing height, with the decreasing rate being greater in the 
wood formed near the pith. 
3. Clone 5351 had the longest fibers, and clone 5377 had the 
shortest fibers at all locations. 
4. Tree age and height had a significant effect on fiber length. 
Number of Vessels 
1. Number of vessels decreased from pith to the bark at a given 
height, with the rate being greater at the upper level in the 
tree. 
2. Within a given tree age, the number of vessels increased with 
the height, i.e., in a given annual ring, the upper part of 
the tree contained more vessels. The variation in the number 
of vessels with height was more pronounced in Lhe younger wood 
(Figure 29 and 37). 
3. The clonal variation in the number of vessels was inors distlAcL 
in the younger wood. 
4. Clone 5260 had a relatively small number of vessels while clone 
5273 had a large number of vessels. 
5. Tree age, height a .id clone by height interaction had signifi­
cant effects on the number of vessels. 
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Percentage of Vessels 
1. Among clones, there was no relation between the percentage of 
vessels and tree age at a given height. This irregular varia­
tion within each Individual clone was strongly associated with 
the number and size of the vessels, and the location of the 
samples. At upper part of the tree, the percentage of vessels 
decreased with increasing tree age. 
2. For the majority of clones within a given tree age, the percent­
age of vessels increased with increasing height. 
3. Clone 5260 had the lowest percentage of vessels, while clone 5377 
had a very high percentage of vessels. 
4. Clone had a significant effect on percentage of vessels in tree 
age 4. 
Percentage of Ray Cells 
1. Within a given height, there was very small variation in the per­
centage of ray cells with tree age. The percentage of ray cells 
may increase slightly or decrease with tree age depending upon 
the individual clone. 
2. The percentage of ray cells varied little with height within a 
given tree age. 
3. Clone 5260 had the lowest percentage of ray cells, and clone 5377 
had a LelâLivêly high percentage of ray cclls. 
4. Clone had a significant effect on the percentage of ray cells at 
height 1 and in tree age 4. 
Percentage of Normal Fibers 
1. Within a given height, there was no definite relationship between 
the percentage of normal fibers and tree age. 
2. In most clones, the percentage of notuial fibers decreased with 
increasing height in a given tree age. 
3. Clone 5339 had a very low percentage of normal fibers, while 
clone 5260 had a high percentage of normal fibers. 
4. Clone had a significant effect on the percentage of normal fibers 
at height 1. 
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Percentage of G-Fibers 
1. Within a given height, the percentage of G-fibers varied irregu­
larly with tree age among all clones. 
2. In most clones, the percentage of G-fibers increased with increas­
ing height within a given tree age. 
3. Clone 5273 had the lowest percentage of G-fibers while clone 5339 
had the highest percentage of G-fibers. 
4. Clone had a significant effect on the percentage of G-fibers. 
Percentage of Total Fibers 
1. For all clones within a given height, the variation in total fibers 
with tree age showed an irregular pattern. 
2. For most clones within a given tree age, the percentage of total 
fibers decreased with height. 
3. Clonal variation was relatively large. Clone 5260 had the highest 
percentage of total fibers while clone 5377 had the lowest percent­
age of total fibers. 
4. Clone, height, and clone by height interaction effects were signif­
icant for the percentage of total fibers. 
Ring Width 
1. Among all clones within a given tree age, the ring width decreased 
with height. In clone 5377, the ring width decreased very rapidly 
from height 1 to 2 for all ages. 
2. Clone 5377 had very wide rings at tree ages 3 and 4 within height 1. 
Clones 5377 and 5351 exhibited unusual diameter growth during the 
third and fourth growing seasons. 
3. Clone, tree age, clone by tree age inceraction, height, height by 
clone interaction significantly affected ring width. 
Considering anatomical properties and growth rate in addition to 
the chemical properties, clones 5339 and 5260 would be the best choices 
for further intensive culture studies. Other clones possessed both 
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desirable characteristics and undesirable properties, thus allowing 
their selection for specific uses. In this study, clone 5377 showed 
the poorest anatomical performances among the six clones. 
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